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INTRODUCTION 
The humanistic perspective on air pollution is aptly 
summarized by Chambers (13) in an historical introduction to 
the general topic wherein he states, 
"The quality of the atmosphere, on which all 
terrestrial forms of life are dependent, has been 
recognized as an important variable in the environ­
ment only during the past few decades. It may be 
supposed that smoke and fumes from forest fires, 
volcanoes, and crude "domestic" heating and cooking 
arrangements were troublesome or lethal in discrete 
localities even before our human ancestors became 
organized in fixed communities, and that the odors 
of decaying animal and vegetable refuse, attested 
to jDy existing residues of prehistoric garbage dumps 
in and near Stone Age dwellings, were cause for 
protesting comments in such language as may have 
been available to the temporary residents. 
"However, it is unlikely that such circumstances 
can have been regarded as more than incidental to 
devastating natural cataclysms, or as cause for 
transfer to another dwelling site, until social 
evolution reached the husbandry level involving 
association of family units into more or lass fixed 
communities. Only then could human activities in 
the aggregate have produced sufficient effluvia to 
affect an occupied neighborhood. To what extent 
they did so is entirely conjectural with respect to 
all prehistory and can be guessed only by tenuous 
inference with respect to most of the ancient and 
medieval periods. The embodiment in folk knowledge 
of the middle ages and in prescientific belief, of 
the concept of "miasmas", or poisonous airs, as 
etiological agents of certain diseases, may indicate 
a deduction from ages—old survival experience 
related to recognized sources of unwholesome air, but 
is more likely a mistaken association of "malarias" 
with the odors of swamps rather than with their 
mosquitos. 
"...More subtle physiological effects of air 
pollution are suggested by laboratory observations 
of suppression of ciliary action, alterations in 
pulmonary physiology, specific enzymatic inhibitions, 
and changes in blood chemistry. 
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"...Only a few of the largest population concen­
trations of the present day are occasionally using 
their air supplies faster than natural processes are 
replenishing them. Such overuse must be expected to 
occur with increasing frequency as populations 
increase, since per capita demands for air cannot be 
expected to decline. 
"...So long as the air resource was infinitely 
large with respect to its daily withdrawal and use, 
its pollution caused discomfort and illness only in 
areas immediately adjacent to individual sources. 
"...Air pollution shares with all other threats 
to public health and welfare the certainty of becom­
ing more and more severe as long as the population 
increase remains unchecked." 
Truly, a parallel situation exists currently in modern 
agriculture where commercial farming enterprises concentrate 
large numbers of animals and/or vast quantities of crops or 
produce in as small a space as possible to reduce costs and 
minimize labor. To some authorities the waste products from 
industrial and agricultural production systems pose a serious^ 
threat to public health by contributing to pollution of the 
air and water supply. However, to the operator of, say, a 
large confined animal housing system, the degree of animal 
population density itself evolves a local pollution problem, 
diminutive to be sure in comparison with the world-wide 
problem related by Chambers (13) but nevertheless just as real 
and involving the séune constituents, including economic and 
physical hazards. 
The production system environment, then, is an important 
parameter related to the operation of a given agricultural 
production system. For agricultural structures having a 
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contained or confined environment, the ventilation is ordinar­
ily accomplished to control (a) the concentration of noxious 
and/or corrosive gases (e.g.—an overproduction of carbon 
dioxide in a controlled atmosphere apple storage; deadly 
nitric oxide, nitrogen dioxide, and nitrogen tetroxide formed 
in farm silos; ammonia production in poultry houses), (b) the 
temperature within or around the structure, machine component 
or associated process (e.g.—thermostatically controlled 
ventilation of a stall-type dairy barn; ventilation of a milk 
house containing a bulk milk cooler to prevent damage to the 
condensing unit; ventilation of stored products, such as hay 
and grains, to prevent deterioration due to organic decomposi­
tion and the associated heat evolution with the possibility 
of spontaneous ignition), and (c) condensation, and water 
migration (i.e.—to maintain structural soundness, cleanliness, 
optimum production or storage humidity, and sanitary condi­
tions within the system where required). 
Investigations and recommendations relating to tempera­
ture and moisture control through ventilation have been 
profuse as the vast number of extension bulletins, design 
handbooks, and other literature attest (2, 4, 21, 35, 37, 54, 
55, 67, 69, 78, 79, 86, 87, 90, 91). The increased use of 
confinement housing for economically productive animals and 
specialization in crop storage structures indicate a tendancy 
in many areas to require control of gas constituents as a 
primary function of the structure and related atmospheric 
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control equipment, rather than as a secondary accomplishment 
resulting from a possible original requirement to control 
temperature and/or moisture. It is the purpose of this study 
to investiage the applicability of the principles of 
similitude to the prediction of the concentration of a gas 
constituent in a confined, ventilated space, with emphasis on 
the use of true models to explore the phenomena occurring. 
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REVIEW OF LITERATURE 
Previous research work and field experience have estab­
lished accepted plant and animal environment—norms for many 
commercially important crops and animals, and many regulations 
to ensure public health reflect the essence of this informa­
tion. For orientation purposes, consider the following 
relevant examples, drawn from the many that could be listed, 
to establish a concept of magnitudes pertinent to typical 
agricultural production systems. In passing, it should be 
noted that the population density of animals in certain 
facilities has increased markedly in recent years to reduce 
construction, mechanization, and operating costs (e.g.— 
100,000 bird poultry houses are not uncommon with as low as 
0.75 square foot per caged layer versus former area recommenda: 
tions of two to three square feet per bird for light breeds, 
and three to four square feet per bird for heavy breeds in 
floor litter systems (87). Proper control of the constitu­
ents of the atmosphere (e.g.—ammonia in poultry houses) 
within the structure becomes pressingly important to assure 
maintenance of animal health, production and operator comfort, 
as well as preclude structural difficulties and equipment 
deterioration. Similarly, the storage life of many crops, and 
the shelf life of some, depend not only on temperature and 
humidity but also on the concentration of certain gases within 
the environment (e.g.—ethylene gas given off by ripening 
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apples can cause unripe apples to ripen, with the magnitude of 
the ripening effect dependent on the storage tepoerature, 
seasonal variations, the relative maturity of the ripe and 
unripe fruits, and the varieties involved (79). 
To facilitate comparison of dairy, poultry, and pig hous­
ing facilities with regard to currently recommended animal 
density and associated ventilation rates, a housing structure 
is selected for each which encloses a spatial volume of 23,328 
cubic feet and has inside dimensions of thirty-six by seventy-
two by nine feet. A ceiling height of nine feet has been 
selected because approximately sixty percent of the existing 
agricultural structures have ceiling heights of eight to ten 
feet and a height of nine feet would not be uncommon in the 
three systems under consideration. The height is by no means 
constant however, because of the variable floor contour 
geometry required for stalls, mangers, gutters, pens, etc., 
which could vary widely for even different types of the same 
system. 
Dairy System 
For the dairy system, the building would contain 28 
large-breed cows, such as Holsteins, in stalls four and one-
half feet wide with two end alleys in the structure. Assuming 
an average weight of 1500 pounds per cow, the ventilation 
rates for a location in the northern United States according 
to Turner (86), Meyer (54), and the ASHRAE Guide and Data Book 
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(2) would be as given in Table 1. 
Table 1. Ventilation rates for a twenty-eight cow dairy herd, 
large breed 
Ventilating 
condition 
Cfm per 
1000 lbs. of 
animal weight 
Total 
ventilation 
rate, cfm 
Air changes 
per hour* 
Winter minimum 40 1680 4.32 
Winter maximum 120 5040 12.96 
Summer 200b 8400 21.60 
^Based on the total volume of the building. 
^Highly variable recommendations for summer ventilation 
rates may be expected. 
In addition to these ventilation rate recommendations, 
current practices suggest maintenance of relative humidity 
between 55 and 75 percent, and wintertime temperatures of 35 
to 55®F in the stall barn (2). Kibler and Brody (41) have 
reported the physiological influence of temperature on dairy 
cattle, and Yeck et (93) state that 
"In addition to dust, stable air becomes contami­
nated with odors and exhaled gases. Strong odors lower 
milk quality and are disagreeable to the operator. 
Ammonia from feces and urine is one of the strongest 
odors. However, there is no evidence that it pre­
sents a health hazard in concentrations normally 
occurring in dairy shelters. 
"At 50*F a 1000 lb. cow dissipates about 5 cu. 
ft. of carbon dioxide per hour. The rate of dissipa­
tion is slightly greater at low than at high 
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temperatures. Definite toxic limits for carbon 
dioxide have not been established for cattle. The 
maximum allowable concentration for continuous 
exposure of man should not exceed 5000 ppm... At 
the psychroenergetic laboratory 20 cfm of fresh air 
per cow provided carbon dioxide concentrations that 
were within tolerable limits for humans and that 
permitted normal respiration rates among the cows. 
V ".th 20 cfm of fresh air per cow, odors may have 
oJfended a squeamish visitor but did not impair the 
quality of the milk." 
On a per cow basis, modern dairy stables generally 
enclose 500 to 600 cubic feet per 1000 pounds of animal weight. 
Using the ventilation rates in Table 1 and the lower limit 
given by Yeck et (93), above, the ventilation requirements 
can be also expressed as shown in Table 2. 
Table 2. Ventilation requirements per 1000 pounds of animal 
(cow) weight based on an enclosure volume of 600 
cubic feet per animal unit (1000 pounds) 
Cfm per 1000 lbs. Air changes 
Ventilating condition of animal weight per hour& 
Assumed lower limit 20 2.0 
Winter minimum 40 4.0 
Winter maximum 120 12.0 
Summer 200 20.0 
^Based on the total volume of 600 cubic feet per animal 
unit. 
^From Yeck, et al. (93). 
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Although a twenty-eight cow dairy herd is a relatively 
small unit either economically or commercially, the data pre­
sented in Table 1 gives an idea of the variable flow rates 
encountered and their relative magnitudes. Both Table 1 and 
Table 2 present air change rates based on assumed volume 
conditions (i.e.—555 cubic feet and 600 cubic feet per animal 
unit, respectively) and can be easily extended to herds of 
different sizes for typical housing structures currently 
utilized. Insofar as heat production of stanchioned dairy 
cattle is concerned, Yeck and Stewart (94) report that the 
production rate decreases linearly from about 4000 BTU per 
hour at 15*F to approximately 2900 BTU per hour at 80*F per 
1000 pounds of animal weight- for relative humidities of 55 
to 70 percent and with breed differences neglected. 
Poultry System 
If the previously described building were assumed to be 
confinement quarters for laying hens, managed as a floor 
system with a mechanically cleaned double pit arrangement (56), 
a 2000 bird flock could be housed with approximately 1.3 
square feet of gross floor area per bird. The wide variation 
in area requirements for poultry depending upon the management 
system selected was mentioned earlier. 
For the system under consideration, current practices 
advise a 45®F minimum and an 85®F maximum temperature with a 
relative humidity range of 50 to 80 percent, and a ventilation 
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rate range of 1 to 3 cfm per bird in winter and 4 to 6 cfm per 
bird in summer (2, 55, 87). Moisture and airborne dust pose 
difficult problems in poultry houses and, according to the 
ASHRAE Guide and Data Book (2), 
"Ammonia has beer^ observed as a serious problem 
in poultry shelters and high concentrations lead to 
reduced production and even death. First evidences 
of excessive concentrations is inflammation of the 
eyes of the birds. This condition has appeared after 
ten days exposure to 50 ppm of ammonia. Lungs may 
also be damaged at concentrations above 50 ppm..." 
Also according to Longhouse et al. (52), 
"Ammonia can be detected by humans near 10 to 
15 ppm and near 50 ppm eyes begin to water... 
Beltsville studies showed that hens may be able to 
withstand about 40 ppm... Conditions disagreeable 
to the caretaker are probably not good for the 
poultry... Since ammonia is about one-half as heavy 
as air (air density at 0®C is 1; ammonia is 0.536), 
assess ammonia concentration near bird level. 
Based on the foregoing recommendations, the ventilation 
rates would range as indicated by Table 3. 
Table 3. Ventilation rates for a 2000-bird laying flock 
Ventilating Total ventilation Air changes 
condition Cfm per hen rate, cfm per hour^ 
Winter minimum 1 2000 5.14 
Winter maximum 3 6000 15.43 
Summer minimum 4 8000 20.58 
Summer maximum 6 12000 30.86 
^ased on the total volume of the building. 
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For an average bird weight of five pounds with 1.3 square 
feet per bird and 200 birds as a unit to give 1000 pounds of 
animal weight, the ventilation rates can then be expressed as 
shown in Table 4. 
Table 4, Ventilation rates per 1000 pounds of bird weight 
Ventilating 
condition 
Cfm per 
5 lb. bird 
Cfm per 1000 lbs. 
of bird weight 
Air changes 
per hour& 
Winter minimum 1 200 5.13 
Winter maximum 3 600 15.38 
Summer maximum 6 1200 30.77 
Based on 1.3 square feet of floor space per bird and a 
nine feet ceiling height, or 2340 cubic feet per 1000 pounds 
of bird weight. Use of a nine feet ceiling height permits the 
same building to be used for birds penned in multiple tier 
cages. 
Relative to heat production in poultry, Longhouse et al. 
(52) states, 
"No other type of farm livestock can vary in 
metabolism as much as the hen. At temperatures below 
35*F, birds can voluntarily alter their body insula­
tion and exposed area by fluffing feathers and covering 
their heads under their wings. The daily variation 
in heat production may easily change as much as 15 to 
25 percent." -— 
They also present quantitative data on heat production, 
pointing out that breed differences and temperature levels 
greatly influence the total heat production per pound of 
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weight and its subdivision between sensible and latent heat. 
Table 5 shows representative data drawn from their graphical 
presentation of research results. 
Table 5. Total heat per pound of weight and percent of 
sensible and latent heat produced by caged layers in 
relation to ambient temperature^ 
Total BTU per pound per hour Percent^ 
Temperature - ®F 3 
W.L.C R.I.R. L.H.® S.H. 
30 10.3 7.3 18 82 
40 9.3 
00 
22 78 
50 9.1 7 . 8  25 75 
60 9.0 7 . 4  30 70 
70 8.7 6.6 35 65 
80 7.8 5.5 43 57 
90 6.4 4.1 60 40 
^From Longhouse, et al. (52). 
^Relative to the total heat. 
°W.L. = White Leghorn. 
^R.I.R. = Rhode Island Red. 
®L.H. = latent heat. 
f S.H. = sensible heat. 
Swine System 
For swine housing, a farrowing house is -selected as 
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representative, operating within the recommended range of 
temperature of 50 to 75°F with special areas warmed to 80®F 
for the pigs, relative humidities up to a maximum of 75 per­
cent, and ventilation rates ranging from 10 to 50 cfm per sow 
and litter. The lower ventilation rate is recommended for 
winter conditions and with newborn pigs, and the higher rate 
for outdoor temperatures above 35"F, and the pigs ready to be 
weaned (2). Under this classification of a farrowing house 
the pigs are considered to be reared from birth to 25 pounds 
in weight. Summer ventilation rates may be as high as 50 air 
changes per hour (57). According to Hazen and Mangold (33), 
"Odor control appears to be more desirable in 
terms of building life and management satisfaction 
than in animal performance. Some producers feel 
that heavy odors weaken the respiratory organs and 
leave pigs more susceptible to disease. The primary 
odor is ammonia resulting from fecal wastes, and 
its production rate is temperature and moisture 
sensitive similar to that of chemical reactions for 
organic compounds,.. What might be termed a clean 
atmosphere contains under 15 parts per million of 
ammonia, readily detectable approximately 30 parts 
per million, irritating approximately 70 parts per 
million and toxic about 200 or more parts per 
million concentration. Where daily cleaning is 
practiced and the ventilation rate is sufficient to 
control moisture, odor also is fairly well controlled. 
This probably explains why more precise data on odor 
production are not available. However, in controlled-
confinement systems odors become a much more important 
factor and may well become the limiting factor in 
terms of economy of mechanical refrigeration equipment." 
Furthermore, according to Hazen (31) , 
"The chemical composition of atmospheres in enclosed 
swine buildings is virtually unknown. Animals appear 
to show retarded performance from unknown factors 
suspected to be related to atmospheric contaminants. 
Buildings and equipment also show excessive 
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depreciation due to corrosiveness of the atmosphere. 
Working conditions for personnel is undesirable to 
varying degrees... Several installations raising 
swine in confinement have reported heavy death losses 
within a few hours following ventilation failure. 
Several producers have also reported a decline in 
performance after a few years in operation...indica­
tions are that oxygen depletion or carbon dioxide 
buildup are responsible, although hydrogen sulfide, 
methane, ammonia and other noxious gases are known 
to be present... Measurements with an infra-red gas 
analyzer in selected production units showed carbon 
dioxide concentrations up to five times that normally 
in our atmosphere." 
Apparently, ventilation rates for wintertime moisture and 
temperature control in high animal density confinement units 
do not always successfully control odors as was formerly 
assumed. Higher ventilation rates and lower operating tempera­
tures would of course require supplemental heat for the system 
under consideration (33, 57). A summary of typical recommenda­
tions applied to the system under consideration is presented 
in Table 6, where 60 square feet per sow and litter has been 
used as the basis for determining the animal density within 
the given structure. 
Similarly, assuming an average sow weight of 400 pounds 
and a total litter weight of 100 pounds for eight pigs at 
approximately three weeks of age, the ventilation requirements 
can be expressed on a 1000 pound animal unit basis as shown in 
Table 7. 
The relative levels of total heat production at different 
ambient temperatures and confinement conditions is given in 
Table 8 in terms of the heat produced by a 125 pound hog. For 
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Table 6. Ventilation rates for a 43-litter^ farrowing house 
Ventilating 
condition 
Cfm per sow 
plus litter 
Total ventilation 
rate, cfm 
Air changes 
per hourb 
Winter 10° 430 1.11 
50^ 2150 5.53 
00
 
o
 m
 
3440 8.85 
Summer 452^ 19440 50 
Area requirements of 60 square feet per sow plus litter 
in the 36 by 72 feet farrowing house are made on the basis of 
16 square feet for the farrowing stall, 12 square feet for 
each of two creeps, and 20 square feet per unit for walkways 
and access alleys (57). 
^Based on the total volume of the building. 
Recommended minimum (2) . 
^For an inside temperature of 50'F (57). 
®For an inside temperature of 60°F (57) . 
^Cfm calculations are based on the recommendation for 50 
air changes per hour (57) . 
hogs weighing other than 125 pounds, multiply the given heat 
production rates by (W/125)°*^^, where W is the weight of the 
hog whose heat production rate is to be ascertained (33). 
For the three typical production systems cited above, it 
is noted that, in terms of a 1000 pound animal unit (Tables 2, 
4, and 7) for the spatial conditions cited, the air change 
rates based on current recommendations range from 1.11 to 
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Table 7. Ventilation rates per 1000 pounds of sow plus litter 
weight 
Ventilating condition 
Cfm per 1000 pounds 
of animal weight 
Air changes 
per hour^ 
Winter minimum 20 1.11 
50®F inside temperature 100 5.56 
60®F inside temperature 160 8.89 
Summer 900^ 50 
Based on a total floor space requirement of 120 square 
feet per 1000 pounds of animal weight and a nine feet ceiling 
height, giving 1080 cubic feet per 1000 pounds of animal 
weight. 
^Cfm calculation based on the recommendation of 50 air 
changes per hour (57). 
Table 8. Total heat production of a 125-pound hog under 
different conditions^ 
Ambient Total heat production, BTU/hog-hr. 
temperature, 
0 TP Animals Animals r loosely confined highly confined 
& in small groups & in large groups 
30 — — — 620 
40 620 600 
60 580 555 
80 530 480 
85 510 440 
95 440 — — — 
^Extracted from Hazen and Mangold (33) . 
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15^38 for winter conditions, and from 20 to 50 air changes per 
hour for summer ventilating conditions. Table 9 summarizes 
the results for these examples. 
Table 9. Minimum and maximum ventilation rates for three 
production systems based on current recommendations 
Ventilation rate, air changes per hour 
Winter Summer 
Minimum Maximum Maximum 
Dairy 2.0 12.0 20.0 
Poultry 5.13 15.38 30.77 
Swine 1.11 8.89 50 
Confinement 
Production System 
These and similar data provide an initial point for 
similitude studies of animal production systems relative to 
ventilation system design, operation, and control. Specific 
ventilation rates will undoubtedly change as more information 
becomes available relative to environmental requirements of 
animals, including their performance pertinent to area and 
volumetric requirements on a per pound or per animal unit 
basis. Specific information is not available on optimum ceil 
ing heights for different animal species. At present, 
confinement structures are built primarily to facilitate 
operation by people working within the structure, although 
this need not necessarily be so in the future. 
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In addition to animal production systems, examples of 
fruit, vegetable, and other agricultural product storage 
systems of importance can be presented. Two such illustra­
tions are cited below to exemplify the diversity of systems 
met in modern agriculture and point out the wide field of 
applications to which similitude studies might well be applied 
relative to the extremely important concept of environmental 
control. 
Controlled Atmosphere Apple Storage 
An estimate of controlled atmosphere apple storage 
capacity in the United States in 1964 places the magnitude in 
excess of eight million bushels (4). Even though application 
of controlled atmosphere storage started in the northeastern 
United States approximately a quarter of a century ago, and 
even earlier in Great Britain, adoption was not widespread 
because of the rigid construction and operating specifications, 
and initial costs involved. Also, varietal differences com­
pounded by climatic and geographic differences required 
painstaking research work to establish optimum storage condi­
tions for the different economic varieties. 
The important advantage of controlled atmosphere storage 
is that it enables the market life of the fruit to be extended 
appreciably, with many chilling injury symptoms being elimi­
nated completely. The requirement for gas tightness, the 
provision for removing excess carbon dioxide from the 
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atmosphere and also ventilating to control the oxygen level in 
the storage, allowance for adjustment to varying atmospheric 
pressures, and the need to maintain high relative humidities 
for a longer storage period place additional demands on the 
storage system beyond those associated with conventional cold 
storage facilities (4, 27, 79). It must also be noted that 
(4), 
"Precautions in the operation of controlled 
atmosphere rooms are very important. The atmospheres 
used will not support human life, so if inspection or 
repair is needed, a source of air must be supplied. 
Apples varying in storage life either because of 
varietal characteristics, influences of maturity, or 
other factors should be stored separately unless 
construction features permit fruit removal without 
upsetting atmospheric composition. Atmospheric com­
position should be determined at least daily." 
Table 10 offers an insight into controlled atmosphere 
storage requirements for several apple varieties. Ordinarily, 
the atmospheric composition of the storage is brought to the 
required gas levels by permitting the oxygen to be consumed 
via normal respiration in the fruit. Excess carbon dioxide is 
removed by washing the storage atmosphere through a caustic-
soda solution. Ventilation is periodically required to 
control the oxygen level to prevent all the oxygen from being 
consumed because, otherwise, after a few days the fruit would 
suffocate, become alcoholic, and go off flavor (78). 
Smock (78) enumerates the precautions inherent in con­
trolled atmosphere storage operation and advises that the 
storage be sealed within ten to fourteen days after fall 
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Table 10. Atmospheric and temperature requirements for 
controlled atmosphere storage of apples^ 
Carbon dioxide^ Oxygen^ Temperature 
Variety percent percent ®F 
Mcintosh 2-3 one month, then 5 3 38 
Delicious 2-3 3 32 
Golden Delicious 2-3 3 32 
Rome Beauty 2-3 3 33 
Northern Spy 8 3 38 
Stayman Winesap 5 3 32 
Baldwin 2-3 3 32 
Jonathan 3 3 32 
Macoun 5 3 38 
^For New York varieties, according to Smock (78). 
^Normally, atmospheric dry air is composed of 78.084 ± 
0.004 percent nitrogen, 20.946 ± 0.002 percent oxygen, 0.033 
± 0.001 percent carbon dioxide, 0.934 ± 0.001 percent argon, 
and traces of other gases (30). 
filling is initiated. Pulldown to the required control 
atmosphere may take three to four weeks if normal fruit 
respiration is utilized. However, Lannert (49) describes a 
new technique wherein air is converted to the desired com­
position levels by direct combustion of a gaseous fuel, say, 
natural gas (methane), or propane, mixed with air in a proper 
proportion. The combustion products are then fed to a 
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condenser where cooling is accomplished and some water 
extracted. Passing the gas mixture through a scrubber removes 
most of the carbon dioxide; thus, the effluent reaching the 
storage chamber is predominately nitrogen. A by-pass arrange­
ment also permits control of the carbon dioxide in the gas 
reaching the chamber by bypassing a portion of the combustion 
gas around the scrubber. This system has the advantage of 
relaxing the gas tightness of the storages somewhat (4), but 
obviously fuel economy must also be considered. 
The heat of respiration is also another factor that must 
be considered in apple storages. Table 11 shows the tempera­
ture dependence of respiratory heat evolution. 
Table 11. Estimated evolution of heat by apples at various 
temperatures^ 
Temperature 
op 
Heat evolved per ton in 24 hours 
BTU 
32 700 
35 1000 
40 1500 
50 3500 
60 5800 
70 8000 
80 10,000 
^Extracted from Gray (27). 
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A typical storage unit might contain 10,000 bushels of 
apples, and, using typical dimensions and space requirements 
presented by Gray (27), a hand-stacked storage would contain 
25,000 cubic feet, and a fork-lift pallet stacked storage 
would contain twenty percent more volume, or a total capacity 
of 30,000 cubic feet. For pallet stacking, a clear ceiling 
height of at least 20 feet is required for three-pallet stacks 
with each pallet being five boxes high. For a conventional 
forty feet wide building, then, the length required would be 
37'6". The storage dimensions are thus seen to be approxi­
mately in the ratio 2:1:2 (width;height:length) which is good 
relative to minimizing the number of square feet of heat and 
gas transfer surface per cubic foot of storage volume. 
Similitude studies on pilot plant storages might provide 
insight into the difficult problems of moisture and condensa­
tion control within certain types of storage superstructures, 
and also provide a means to evaluate different types of 
atmosphere distribution systems, control systems, and atmos­
pheric constituent distribution patterns for various stacking 
arrangements. Time is an important variable in all cases, 
because the systems do not operate in a steady state condition. 
Other Controlled Atmospheres 
The principles of controlled atmosphere storage are by no 
means limited to tree fruits such as apples. For example, 
research on eggs has shown that egg quality can be maintained 
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for longer periods in carbon dioxide rich atmospheres compared 
with conventional egg storage systems (21). The interaction 
of layer breed, temperature levels, gas concentrations, and 
how to designate quality complicate the determination of 
optimum storage recommendations (5). Living plants also 
respond to controlled atmospheres, and preliminary research 
has shown that greenhouse-grown vegetables and ornamentals 
increase yields on an economic basis when the carbon dioxide 
in the confined atmosphere is increased to a level three to 
six times normal (23). 
Silo Storage 
Even a commonplace farm storage unit such as a forage 
silo can pose problems, as reported by Crawford and Kennedy 
(18), 
"Excess nitrate in the forage can be a hazard 
in two ways...: Nitrogen oxide gases that are deadly 
to humans and farm animals can be formed immediately 
after ensiling when nitrate is present in large 
quantities in the silage, and excessive concentra­
tions of nitrate are injurious when fed to animals... 
In 1959, silo gases that appeared to be nitrogen 
oxides were reported in New York state, and some New 
York farmers who breathed these gases required medical 
attention... Because these gases are heavier than 
air they will accumulate in the bottom of the air 
space in a tower silo; tend to flow down the unload­
ing chute; and flow out the silo juice drain... 
Therefore, à silo, silo chute, silo room, and any 
other area surrounding a silo, especially enclosed 
areas, can contain deadly concentrations of these 
gases." 
The gases referred to are nitrogen dioxide (reddish-
brown in color), nitrogen tetroxide (yellow), and nitric oxide 
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(colorless). Crawford and Kennedy (18) state further, 
"The injurious nitrogen oxide gases can occur in 
extremely high concentrations; 58,500 parts per million 
by volume of nitrogen dioxide was reported near a 
silo in Wisconsin. Industrial safety regulations 
set ten parts per million as a maximum tolerable 
level. It is apparent that a very deadly hazard 
exists for farm people and animals when forage high 
in nitrate is ensiled... Injury of cattle from 
nitrogen oxide gases has been observed in Iowa since 
1953... In short, humans, cattle, chickens, dogs 
and other animals have been reported to be fatally 
poisoned by nitrogen oxide gases from silage. All 
animals are considered susceptible to injury from 
nitrogen oxide gases." 
Ventilation of the silo and silo surroundings is recom­
mended for the first two weeks after filling with the area 
fenced off. Before opening the silo for feeding, it is 
recommended that ventilation be carried out again for a two 
week period. No ventilation rates or methods are proffered 
for different silo types, capacities, or gas concentrations. 
Correlative Research and Information 
Hemeon (34) aptly describes general ventilation as, 
"...essentially a process of dilution, and if 
one could obtain data on evolution rate of the contami­
nant into the air space, he could readily compute the 
rate of ventilation necessary to effect any specified 
concentration. In practice, this data is seldom 
obtainable except in the case of industrial solvents 
evaporation. Nevertheless it is necessary that any 
estimates of required ventilation be confined to the 
dilution principle." 
This can be readily illustrated for a dairy system by 
calculating the ventilation rate for a dairy cow using the 
carbon dioxide evolution datum presented by Yeck, et al. (93). 
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Given; a 1000 pound cow producing 5 cubic feet per 
hour of carbon dioxide at 100®P. 
Required; The ventilation rate, Q, to permit a carbon 
dioxide buildup of only twice that in normal 
air. 
Assuming a normal average concentration of carbon dioxide 
in the atmosphere of 0.033 percent, or 330 ppm (parts per 
million), then the allowable level here would be 660 ppm. The 
required ventilation rate would be. 
At this concentration level for carbon dioxide, it is seen 
that the ventilation rate is only slightly higher than the 
recommended winter maximum given in Table 1. (For comparison, 
with normal activity a man liberates about 0.74 cubic feet of 
carbon dioxide per hour. A concentration of 0.6 percent 
increases lung action about 10 percent above normal; at six 
percent it is 600 percent above normal and breathing is diffi­
cult; and at 10 percent consciousness is lost (3).) 
The weight of carbon dioxide liberated by the animal, 
assuming it is eluted at 100®F can be found as follows. The 
volume of gas formed by one pound—molecular weight of a sub­
stance at 32*F and a pressure of one atmosphere is 359 cubic 
feet. At 100®F, the volume would be 
Q 660 ppm 
5 cfh 
Q = 7575 cfh 126.3 cfm 
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"5 ^  "2 + 460 = ^^*492^*° = ^0) feet 
Therefore, the fraction of a pound—molecular weight evolved 
per hour is 
TItt = 1.22 X 10-2 
A pound—molecular weight of carbon dioxide constitutes 44 
pounds, therefore the evolution rate is approximately 
44 X 1.22 X 10-2 - 0.54 pounds per hour per 1000 pounds 
of animal weight at 50®F 
Hemeon (34) appropriately points out that, 
"Ventilation estimates based simply on room 
volume, i.e., on a specification of rate of air 
change, have no validity. Calculations of rate of 
concentration increase or decrease can be made; they 
involve not only air change rates but, also, rate of 
evolution of contaminant or heat units. Such calcula­
tions have infrequent practical application in the 
design of industrial ventilation... The classes of 
contaminants with which one may be concerned...are 
(a) molecular dispersions of solvent vapors or gases; 
(b) dispersions of particulate matter, i.e., dusts, 
fumes or smoke; (c) sensible heat; (d) radiant heat; 
(e) water vapor and (f) radiant energy other than 
heat." 
Furthermore, he lists the following descriptions for the words 
stuffy and drafty which are met so commonly in ventilation 
work. 
"Stuffy may, in practice, be interpreted to 
mean any of the following conditions or combinations 
of them: (1) the air temperature may be above the 
level of comfort, with low air velocities; (2) radi­
ant heat, perhaps of low intensity, impinges on 
parts of the body, especially the face, together with 
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a low degree of air motion; (3) an uncomfortably 
elevated relative humidity may prevail; (4) a concen­
tration of some physical substance—body odor, 
tobacco, smoke, fume or vapor—causing an unpleasant 
odor pervades the atmosphere... A drafty space may 
mean excessive air velocities in combination with low 
air temperatures; or simply low air temperatures 
below the zone of comfort; or it could be a situation 
in which body heat is dissipated by excessive radia­
tion to a nearby cold surface, e.g., a window pane in 
cold weather. As in the problem of analyzing a 
stuffy condition, so with drafts, it is necessary to 
understand the exact causes by going beyond mere 
acceptance of the term itself before sound corrective 
measures can be designed." 
Most animal housing literature recommends draft-free 
conditions, especially for young stock, but fails to explicitly 
interpret the recommendation and explain the effect on the 
animal. The implication seems to be that "what's good for 
humans is good for animals", but this is not necessarily true 
because of physiological differences (e.g.—heat control 
mechanisms). 
Relative to the ventilation of confined spaces, Hemeon 
(34) defines the term significant air currents as 
"...Those air currents having a constant posi­
tion and direction, and of such magnitude that they 
are measurable, and either (a) can be exploited in 
the engineering design for useful purposes, or (b) 
are a factor deleterious to the desired air conditions 
and must, therefore, be counteracted. By this defini­
tion we exclude those random air currents which are 
constantly shifting and therefore completely unpre­
dictable." 
He further classifies the significant air currents as those 
created by supply air streams (basically air jets), local air 
exhaust envelopes, and also those due to natural convection 
above hot surfaces. Quantitatively, he proffers that the 
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minimum velocity of the significant air currents 
"...depends on the volume rate of flow and on the 
magnitude of other air currents encountered by them. 
For example, air velocities lower than 25 to 50 fpm 
are rarely significant in industry; although, in mine 
ventilation, air velocities of in the range of 15 to 
20 fpm in air ways are considered of significance. 
Air streams having velocities of 50 to 75 fpm may 
not be significant in a space where interfering air 
streams have much greater values... In addition to 
the definable air currents..., there are random air 
currents which cannot be managed by engineering 
calculations because of their indefinable and unstable 
characteristics and low velocity... Some considera­
tion of a qualitative nature may, however, be 
accorded to them in connection with the problem of 
distribution of ventilation air. Thus air supplied 
at one end of a large room will tend to "drift" 
toward the exhaust at the other end of the room... 
But open windows or air currents of thermal origin 
may upset even this prediction. The influence of 
differing density of large masses of hot and cold 
air on the distribution of ventilating air is another 
example of air drift... Convection currents... are 
always active and have minimum velocities of 10 to 
20 fpm in what we consider still atmospheres. 
Molecular diffusion is by comparison so slow as to 
be completely negligible." 
Analysis of the significant air currents referred to by 
Hemeon (34) may be accomplished for 
"The supply air stream by use of the air jet 
formulas, and if desired those of limited dimensions 
around the exhaust opening or exhaust fan. Between 
them are the random air currents of indefinable 
direction and unmeasurable, low velocity." 
The characteristics of free air jets, including a descrip­
tion of the four zones recognized in air jet expansion and 
descriptive formulas for velocities, velocity profiles, and 
entrainment ratios, can be found in the ASHRAE Guide and Data 
Book (3) and other references (34, 88). A comparative perform­
ance summary of various types of air supply outlets is given 
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by Brown (11). None of the references contained descriptive 
information on the continuous, down-throw, baffled, slot-type 
perimeter ceiling air supply outlets, commonly found in 
northern confined animal housing systems today. These are 
supplied usually either from a large, overhead plenum (attic 
or mow) or from an air channel located at the wall plate 
height leading directly to the exterior air. The ASHRAE Guide 
and Data Book (3) considers velocities below 50 feet per 
minute to be "still air", and this figure is commonly used to 
calculate supply outlet throw dimensions to avoid draft prob­
lems in ventilated spaces. 
Table 12 presents recommended contaminant threshold limit 
values, for workers for repeated daily exposure, which could 
be used to calculate minimum ventilation rates as illustrated 
previously above. These levels are considered to be upper 
limits of exposure, rather than safe working levels. 
Before dealing further with the aspects of contaminant 
dilution and removal within a ventilated space, it seems quite 
legitimate to pause to question the concomitant problem of 
dilution and dispersion once it is ejected from the structure 
of interest. This problem has recently been attacked by 
Halitsky (29) in preliminary model studies employing a sulfur 
dioxide—air mixture which was ejected from a vent in a particu 
lar model with subsequent sampling in the building wake being 
made to permit analysis for determination of concentration 
isopleths for various test conditions. Photographs of an 
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Table 12. Recommended threshold limit values for selected air 
contaminants^ 
Substance Threshold limit value 
ppm 
Acetic acid 10 
Acetone 1000 
Ammonia 100 
Benzene 25 
Carbon dioxide 5000 
Carbon disulfide - skin^ 20 
Carbon monoxide 100 
Carbon tetrachloride - skin^ 10 
Chlorine 1 
Chloroform 50 
Formaldehyde 5 
Gasoline 500 
Hydrogen sulfide 20 
Nitric acid 10 
Nitrogen dioxide^ 5 
Ozone 0.1 
Sulfur dioxide 5 
Turpentine 100 
^Extracted from ASHRAE Guide and Data Book (3). 
^The word skin following a substance indicates that the 
liquid can contribute to the exposure by penetrating the skin. 
^Compare with the concentrations reported by Crawford and 
Kennedy (18) in the section on silo storage in this 
dissertation. 
oil-fog smoke released through the model exhaust aperature 
were also taken to record plume patterns from flush, flush 
nozzle, and stack type vents located on the top and sides of 
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the models in upwind and downwind segments of the structures. 
Tests were run under isothermal and heated conditions with 
various wind velocities and wind angles. Thus, both gas con­
centration and dispersion information was obtained. Work is 
continuing to correlate the distribution function values 
obtained from wind tunnel tests of models with full-scale 
tests on prototypes. According to Halitsky (29), verification 
is to be made on the basis of the hypothesis that, 
"On the basis of mathematical and physical 
reasoning, there appears to be some justification for 
the belief that the mean flow fields around geometri­
cally similar buildings are dynamically similar for the 
same Reynolds Number, and that the Reynolds Number 
becomes considerably less important when the build­
ings have sharp edges." 
A summary discussion revealing the controversial nature 
of the applicability of the Reynolds Number in wind tunnel 
tests of structural models attached to a ground datum surface, 
as opposed to a structure entirely surrounded by the wind 
stream, can be found in the work by Nelson (61). Wind tunnel 
tests of two-dimensional schoolroom models to investigate 
natural, wind-induced ventilation flow patterns were conducted 
by Wannenburg and Van Straaten (89) who concluded that, 
"...provided the test air speed is kept in 
excess of about 3 m.p.h., it is feasible to use 
models for predicting, with good accuracy, the air­
flow conditions in and around full-scale buildings," 
however, they conceded the limitation of not having modeled 
ground boundary layer effects. 
The earliest recommendations on ventilation of farm 
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buildings reported in the Agricultural Engineering literature 
is that authored by King (42) in 1910 wherein he lists the 
purposes, processes, and requirements of ventilation systems 
in general terms and then illustrates ventilation flow rate 
requirements for specific animals. He states that, 
"We have assumed for stables a degree of purity 
of 3.3 percent of air once breathed, this being about 
the highest limit of breathed air which is associated 
with the absence of condensation of moisture on the 
walls. Whether or not this is an adequate degree of 
purity we do not know. It is certain, however, that 
comparatively few stables in this country maintain as 
high a degree of purity... Until the needful degree 
of air purity is known we have no basis upon which to 
construct and install ventilation systems which shall 
be qualitatively and quantitatively efficient." 
Even now, well over half a century after that writing, 
data on the "degree of air purity" required for even the most 
economically important farm animals are extremely limited, 
even though adoption of confinement housing systems for cer­
tain animals species is advancing at a rapid pace. Tables 13 
and 14 are presented to permit a comparison with the 
recommendations given previously herein. 
The ventilation rates listed in Table 14 are seen to 
closely approximate current continuous winter minimum ventila­
tion rate recommendations. Because rural electrification 
development, and, consequently, mechanical ventilation using 
electric fans, was then in its infancy (71), ventilation rates 
and ventilation systems for the decades that followed were 
primarily based on use of gravity flow, natural convection 
flue systems, for which the design principles and application 
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Table 13. Pure air requirements^ 
Normal breathing requirements 
Species 
cfh cfm 
Horse 142 2.37 
Cow 117 1.95 
Pig 46 0.77 
Sheep 30 0.50 
Man 18 0.30 
Hen 1.2 0.02 
^Extracted from King (42). 
Table 14. Ventilation rates for animals^ 
Animal Ventilation Rate^ 
cfh cfm 
Horse 4290 71.5 
Cow 3542 59.0 
Pig 1392 23.2 
Sheep 917 15.3 
Hen 35 0.58 
^Extracted from King (42). 
^Calculated to maintain a "degree of air purity of 3.3 
percent of air once breathed", termed "King's standard" by 
Strahan (82). 
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to farm buildings were presented by Strahan (82) and Smith 
(77). Trullinger (85) in 1929 outlined the wide potential 
applications of electricity to agriculture, including applica­
tion to ventilation of livestock facilities. Analysis and 
improvement of natural convection flue systems continued, but 
forced ventilation systems gradually maintained a more promi­
nent position in the late twenties and early thirties (10, 83). 
There is a noticeable gap in the literature during the years 
of World War II. In general, the least attention has been 
paid to ventilation research for swine, considering dairy, 
poultry, and swine to be the most predominant economically 
important farm animals where confinement housing is concerned. 
Trullinger (84) in 1930, commenting on the research being con­
ducted in Agricultural Engineering, noted that ventilation 
studies predominated in the structures field but that basic 
data on physiological requirements were still lacking. 
Progressive research, primarily related to temperature 
and humidity requirements of farm livestock, finally produced 
sufficient information to permit compilation and publication 
of ASAE D270 "Design of Ventilation Systems for Poultry and 
Livestock Shelters" and ASAE D249.1 "Effect of Thermal 
Environment on Production, Heat and Moisture Loss, and Feed 
and Water Consumption of Farm Livestock" as reported in the 
Agricultural Engineers Yearbook (1) , and a host of pertinent 
literature is referenced thereto. Data on permissible con­
centrations of various air contaminants in confinement • 
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structures is still not available, and ventilation recommenda­
tions are based primarily on obtaining heat and moisture 
balances for the confinement systems. (A discussion of air 
pollution standards has been presented by Stern (81); and 
perhaps the best current source of information on contaminated 
atmospheres; the indirect effects of air pollution on farm 
animals due to ingested contaminants—arsenic, fluorine, and 
lead; and the effects of air pollution on plants, is contained 
in a handbook by Magill et (53).) Thus, as was pointed 
out earlier, the current approach to ventilation is still 
actually rather heavily structure-oriented, rather than 
animal-oriented. 
Upon reading much of this literature promulgating ventila­
tion requirements, one could gain the idea that ventilation is 
unnecessary when humidities and temperatures within the con­
fined space are within the ranges considered suitable for the 
livestock housed. Such a conclusion is obviously erroneous, 
because even for optimum constant temperature and humidity 
conditions such as could be maintained through air condition­
ing, air exchange would have to take place to preclude buildup 
of strong odors, toxic concentrations of a variety of vapors 
and gases, and possibly particulate matter thrown into the 
confined atmosphere by the occupants and/or equipment during 
normal operation of the facility (74). Estimates of cooling 
capacity requirements for animals and plants in controlled 
environments are presented in the ASHRAE Guide and Data Book 
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(1). The current status of livestock and poultry environ­
mental requirements has been objectively and briefly 
summarized by Hazen and Hahn (32), and Longhouse and Garver 
(51), respectively, and points out the need for additional 
physiological data. 
The vast majority of previous research in ventilation of 
confined spaces has dealt with ascertaining temperature and/or 
velocity profiles within prototype structures, in particular, 
those associated with outlet and inlet geometry and location 
relative to obtaining so-called draft-free environments for 
humans. The advent of economically feasible air conditioning 
systems obviously gave impetus to this work and the associated 
problem of eliminating nuisance noise in forced-air distribu­
tion systems. The noise problem is also present in many 
agricultural systems due to the large quantities of air that 
must necessarily be moved because of system size. 
Typical of the type of work done on air distribution 
systems is that presented by Reinmann et al. (70) where tests 
were run to evaluate "the performance of three residential 
air-distribution systems during summer cooling and isothermal 
operations". General air-flow patterns were obtained using a 
smoke gun and calibrated threads whose angular deflections 
could be observed, and velocities were determined using 
heated-thermocouple and modified anemometer instruments. 
Qualitative diagrams are presented illustrating microscopic 
flow patterns in the rooms, and graphs give quantitative data 
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on velocity profiles at selected locations within the space. 
The data were taken to "...evaluate the room air conditions in 
terms of human comfort and to study in detail the air-flow 
phenomena." Comfort limits were selected as 90 percent 
tolerability for drafts, maximum air velocities of 50 feet per 
minute, and a 3°F maximum floor-to-ceiling temperature differ­
ence in the occupied zone. Conclusions relative to inlet 
placement in the 18 x 13 x 8 feet room were given as follows. 
"Conclusions for Sidewall Grilles: The general 
pattern of room air motion remained essentially 
independent of air-flow rate. The critical draft 
region occurred at the 6-ft. 2-in. level, 9 to 11 ft. 
from the outlets. At any given air-supply flow rate, 
the air velocities in the critical draft region were 
highest during cooling, lowest during heating, and 
intermediate during isothermal operation. These 
differences were attributed to gravity effects..." 
"Conclusions for Baseboard Diffusers: It was 
entirely possible with the baseboard diffuser system, 
operated at high air-flow rates, to uniformly absorb 
the load and to ventilate the entire room... With 
cooling, below 11 air changes, the performance 
deteriorated..." 
"Conclusions for Ceiling Diffusers; The air­
flow pattern was independent of flow rate, and was 
excellent for air distribution in that it made full 
use of unoccupied zone for air entrainment and load 
absorption. Limitations of room size made it 
necessary to keep the flow rate down to 10 air 
changes per hr. or less in order to prevent drafts 
at the 6-ft. level, midway between the 2 diffusers..." 
No indications are given relative to how introduction of 
furniture and/or equipment and people into the room might 
alter the general flow patterns and velocity profiles perti­
nent to the empty room used in the tests. 
An example of the general air pattern and (winter) 
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temperature distribution in a poultry laying house utilizing 
eave inlets, low sidewall outlets, and a ceiling (pressure) 
fan are shown in the ASHRAE Guide and Data Book (4) . Also 
illustrated is the relative velocity distribution (for an 
exhaust type system) measured 37.5 feet from the wall in a 
40 X 40 X 7.5 feet prototype building. The requirement for 
dependable, efficient ventilation systems in animal production 
units, where the animals are not free to move as they choose, 
is exemplified by Davies (20) wherein he states, relative to 
poultry systems, 
"In the large, densely populated houses which 
are now being built great care is necessary to have 
the correct physiological data for all stages of 
growth... A few experiments have been carried out to 
explore the effects of variations of atmosphere 
surrounding poultry upon their productivity but so 
many variables enter the problem that definite pro­
nouncements are not possible... Although natural 
draught ventilation is by no means extinct, the 
majority of growers now install electric fans in 
their larger houses. Some form of warning system should 
be wired into the plant, since failure of the power 
supply may result in the death of thousands of fowls 
if it occurs during hot weather at a time when the 
birds are well advanced in growth." 
Davies (20) also presents approximate tabulated data on 
carbon dioxide, exhaled water vapor, and heat production of 
poultry, stating that 
"The figures for these quantities that are 
available in literature are not easy to correlate 
because of the number of variables involved. A 
wide range is covered by the calculated data of 
Mitchell and Kelley...but their feeding standards 
differed from current practice." 
He also illustrates macroscopic design methods relating 
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temperature, moisture, and carbon dioxide levels to system 
ventilation for warm and cold weather operation. 
Tracer gases have been employed to measure air infiltra­
tion into test residences to establish heating and cooling 
load criteria for environmental control systems. Bahnfleth 
et al. (6) employed helium as a tracer gas to study this 
effect in one and two story houses and showed that the 
simultaneous rates of decay of helium concentration in differ­
ent rooms of a house varied considerably. They plotted 
percent helium by volume for different rooms against time, 
assuming the (single) sampling location within each room to be 
representative of the general room conditions. Similar tests 
were run later by Jordan et al. (38) on two prototype struc­
tures but with the addition of heaters to simulate people and 
appliances where appropriate, while other pertinent equipment 
operated cyclically under control of a programmer. Coblentz 
and Achenbach (15) extended the technique to field studies of 
ten electrically heated houses of various ages and types. The 
sensitivity of the helium detection instruments permitted 
relatively low initial concentrations to be used (i.e.—1.3 
percent and 0.5 percent in the above studies.) 
Rowland et al. (36) used radioactive Krypton-85 to 
ascertain air movement within a house itself, employing a 
Geiger-Mueller tube to detect the beta radiation. He states 
that, in general, a tracer 
"...should; (i) mix readily and evenly with air; 
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(ii) not be lost by absorption; (iii) be easily 
measured; (iv) be harmless to both personnel and 
furnishings." 
He claims Krypton-85 fulfills these requirements 
"...since adequate sensitivity can be obtained with­
out exceeding the maximum permissible radiation dose," 
and proffers that, compared with the employment of non­
radioactive tracer gas techniques, 
"The advantages of using a radioactive tracer 
may be summarized as follows: 
(i) The withdrawal of a sample and its subsequent 
analysis are eliminated; 
(ii) the range of the detector is considerably 
greater than with any other method; 
(iii) detector response is instantaneous; 
(iv) a continuous record of results can be obtained; 
(v) relatively high accuracy is achieved, with a 
rapid and uncomplicated technique; 
(vi) sensitivity is very high and makes measure­
ments possible which could not be attempted 
with other tracers (e.g.—air movement between 
rooms)." 
Collins and Smith (16) used radioactive Argon-41 as a tracer 
to ascertain room ventilation rates and considered the rela­
tively short half-life (110 minutes) of that isotope to be a 
disadvantage "...which restricts its use to short investiga­
tions near the source of supply" in comparison with the long 
half-life (9.4 years) of Krypton-85. They also briefly 
discuss radioactive tracer characteristics and their use com­
pared with non-radioactive tracer gases for the same 
application, including sampling errors, sensitivity to 
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detection, and diffusion problems in large rooms. 
Application of tracers to other uses can be found in 
Overman and Clark (63), and Friedlander and Kennedy (24). 
Gordon (25, 26) investigated a variety of existing pig 
housing facilities to study air velocities, their magnitudes, 
and relationship to animal comfort. He measured ventilation 
rates both directly and indirectly, using hydrogen as a 
tracer gas in the latter techniques. The detector used in the 
analysis was a katharometer, or thermal conductivity cell. He 
aptly points out that 
"...The indirect measurement of ventilation in animal 
habitations has in the past been based entirely on the 
carbon dioxide, moisture or heat output of the 
animals... Subsequent work suggests that...there may 
now be a further reason—that of the chemical union 
between carbon dioxide and ammonia—why this method 
should no longer be employed." 
It has already been indicated that operating animal pro­
duction systems, such as poultry and swine units, may have 
relatively high concentrations of certain gases which could 
react, especially in the presence of liquid water and water 
vapor. The value of using a non-reacting gas is obvious in 
such instances; however, the selection of a tracer gas may 
not necessarily be simple in a prototype situation because 
little may be known about the spatial constituents (Hazen 
[31]), and characteristics of the structural materials may 
affect the tracer employed irrespective of its possible reac­
tion with the animals housed, or the materials stored. 
From the analytical standpoint, Nottage (62) presents the 
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concepts of turbulence with engineering applications to duct 
friction, turbulent diffusion, and free jets, stating that 
from the force-motion viewpoint 
"The main forces which act within a moving body 
of air under conventional air-conditioning conditions 
are: 
(1) static pressure differences; 
(2) inertial forces (wherever acceleration acts); 
(3) buoyancy forces (caused by density differences); 
(4) shear forces (most evident at solid boundary 
although also very important within fluid body); 
(5) gravitational attraction (often a negligible 
effect in air-conditioning systems). 
"Given definite expressions for each force 
entering a particular problem, equations of motion 
may be written which, when solved, yield the velocity 
and acceleration of the fluid body as a function of 
position and time. This procedure is easy to state 
but commonly quite difficult to attain because of 
practical impediments which are; 
(1) Turbulent nature of the air motion: Where 
turbulence exists, the pressure, velocity 
and temperature are in a continual state of 
rapid, random, fluctuation which can be so 
complicated as to defy either exact mathe­
matical expression or direct experimental 
measurement beyond simple exploratory 
observations, 
(2) Inadequate means of expressing turbulence— 
dependent force in terms of simply attainable 
experimental data; in order to describe the 
fluid behavior in the form of equations 
which can be solved, all forces and turbulent 
actions need to be related to the primary 
easily-measurable variable of the fluid 
motion. Complicated turbulence behavior 
must be reduced to a relatively simple form 
of expression. This can be achieved for 
important practical cases at present only 
through experimentally-based empiricisms 
which lead to approximate engineering 
solutions. 
(3) Mathematical obstacles: While it may be 
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possible to write the fundamental equations 
of fluid motion in mathematical notation, 
it is not always possible to solve these 
equations and thereby establish concise 
engineering results. Approximations and 
empiricisms must then be used and are 
invaluable engineering tools, although often 
subject to misuse. 
Nottage defines turbulence as "...the physical phenomenon 
which takes place within a body of fluid in motion whenever 
small but finite fluid particles undergo an irregular violent 
commotion and agitation which sets in spontaneously as a pro­
cess of dissipating (degrading) the available energy of 
directed fluid motion," where available energy "...here refers 
to static pressure and directed kinetic energy." 
Rydberg and Norback (75), writing about similarity con­
siderations for isothermal discharge of air from ventilation 
outlets, state that "...For free air jets from similar outlets, 
the shape of the jets will be similar if the Reynolds numbers 
are the same. This means that the velocity V in equally 
located points will be proportional to the outlet velocities 
." They continue that 
"It is found in practice that the effect of Nj^g 
is so insignificant that it can be ignored. This 
can be shown, if it is assumed that the pressure 
in the jet is constant. This assumption is fulfilled 
with small error for a free jet, as has been confirmed 
by measurements. If the pressure is constant then, 
according to the principle of momentum conservation, 
in each cross section of the jet, the product of the 
velocity and the mass flowing per unit time will be 
constant." 
Nottage challenges these latter statements in his discussion 
of their presentation for "oversimplification of complicated 
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problems..." and states further that "...The Reynolds Number... 
has been shown by other experiments to have an appreciable 
influence." 
Six years later, Koestel (45) presents a mathematical 
analysis of the paths of horizontally projected isothermal and 
non-isothermal air jets and derives the differential equation 
describing their trajectories. The general form of the 
trajectory equation is found to depend upon geometry, and the 
Reynolds, Prandtl, and Froude Numbers. A proportionality 
constant, k, in the differential equation "...has been found 
to vary somewhat with outlet velocity, with the percentage 
free area of the outlet..., with the type of approach to the 
outlet, and with the amount of turbulence induced behind the 
outlet." He adds that "...Experimental indications are that 
k is a function of the Reynolds number (evaluated at the dis­
charge nozzle) only in the lower ranges, and that for a 
Reynolds number greater than about 3 x 10^, values of k will 
be greater than 6.0." For jet velocities greater than 1000 
feet per minute and diameters over six inches, nozzle tests 
are said to yield values of k ranging from 6.0 to 6.5, 
For non-isothermal jet conditions, Koestel (45) presents 
the buoyant force analysis stating that "...The buoyant force 
per unit volume for a gas is yBt where 6 is the coefficient of 
expansion and is equal to 1/T^ for a perfect gas." Rearrange­
ment of the terras in the trajectory equation reveals "...The 
dimensionless parameter 
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which is the ratio of momentum or inertia force to the buoyant 
or gravity forces, (and) can also be represented by the Froude 
number". In the mathematical expressions given above, the 
subscript "o" refers to conditions at the discharge outlet; 
Y stands for density; 3 is the coefficient of expansion; g is 
the acceleration due to gravity; t represents temperature; V, 
velocity; and D, nozzle diameter. It is interesting to note 
that during the nozzle tests in this study 
"The path of the chilled air jets emanating from 
a 1-inch nozzle proved to be erratic and to be very 
susceptible to ambient room air disturbances since 
the magnitude of the disturbing force is appreciable 
contrasted to the relatively small momentum force of 
the discharging air jet. For large nozzles the ambi­
ent disturbing forces could be minimized. Curtains 
were hung in the vicinity of the air jet to reduce 
the effect on the jet trajectory of air currents that 
normally exist in a large laboratory." 
A common air inlet in farm structures consists of 1.25 or 1.50 
inch holes drilled into the ceiling or mow floor at the side-
wall juncture, or holes drilled in longitudinal ductwork 
located at ceiling level. 
Apparently, dimensional analysis and similitude applied 
to ventilation studies have been limited primarily to those 
applications dealing with controlled distribution aspects (air 
jets, ducts, etc.) of the system, and little, if any, atten­
tion has been paid to using similitude to predict spatial 
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response in areas of the system removed appreciably from the 
direct influence of these elements (46). For example, Scott 
(76) describes the use of an electrical analogy to simulate 
the flow of air in a network of conduits, with the fluid 
"...assumed to be effectively incompressible." Murphy et al. 
(60), in a comprehensive survey of engineering analogies 
reported in the literature, list and outline an array of 
analogies pertinent to fluid flow in conduits and fluid flow 
in general. Among others, heat transfer analogies are also 
included which could be used to study diffusion dependent 
phenomena in appropriate systems where it is the dominant 
factor. Paschkis (65) early applied the use of an electric 
analogue to the problem of periodic heat flow in building 
walls, which relates directly to the sizing of cooling or 
heating equipment and ventilating conditions for structures of 
all sorts, including animal housing buildings and crop storage 
structures pertinent to agriculture. 
A limited amount of work has been done on model studies 
of heated enclosures. Parczewski and Renzi (64) studied 
temperature distributions in a model (n = 4) and prototype 
enclosure and state that "...thermal similarity will be 
achieved if the convective, radiative and conductive heat 
fluxes are identical in model and prototype, having equal wall 
and boundary conductances and equal surface emissivities, and 
if the velocity fields in the fluids within the model and 
prototype enclosure are kinematically similar." They present 
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a discussion of radiation, conduction, and convection heat 
transfer and kinematic similarity in geometrically similar 
enclosures, and state that kinematic similarity will exist 
when dynamic similarity exists. It is then noted that 
"This criterion indicates that the Reynolds 
number, which is essentially a ratio of inertia 
forces to viscous forces, should be equal in model 
and prototype. Since velocity profiles in highly 
developed turbulent flow in pipes and jets are 
essentially independent of Reynolds number, this 
suggests that kinematic similarity may be achieved for 
turbulent flow in enclosed spaces even if the Reynolds 
numbers of the gas streams promoting motion in the 
enclosures are not equal. 
"Recent experimental studies by Burton and 
Willison on scale models of air flow systems con­
firmed this. They observed that when the flow is of 
a highly irregular nature (as, for example, in the 
case of air injected into a cubical enclosure) and 
inertia forces predominate (flow has well established 
turbulence), flow patterns remain essentially 
unchanged. These conditions apply for Reynolds 
numbers higher than 10,000. Consequently, in cases 
where equal fluid velocities are established in 
model and prototype, for example, at the centerline 
of a jet entering the enclosure or a stream of heated 
or cooled air leaving a heated or cooled surface, 
and the flow is highly turbulent, identical velocities 
should exist at scaled locations in model and proto­
type. 
"For cases where natural convection controls the 
flow within an enclosure, similar reasoning indicates 
that the ratio of buoyancy forces to viscous forces 
should be equal or exceed some critical value. Since 
the ratio of buoyancy to viscous forces is approxi­
mated by the square root of the Grashof number, it 
is reasonable to assume by analogy that as long as 
the square root of the Grashof number equals or exceeds 
10,000 (i.e.—Grashof No. greater than 10®) in model 
and prototype the flow patterns will be kinematically 
similar." 
They found it difficult to achieve exact thermal simi­
larity in model and prototype, but obtained similar temperature 
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profiles in the model and prototype enclosures, noting, 
however, that "...at scaled power input, temperatures in the 
model are generally lower than the temperatures at the corres­
ponding locations in the prototype." Temperatures used for 
comparisons were obtained by determining the average air and 
enclosure surface temperatures from planimeter integrations of 
plotted temperature variations at the selected locations under 
equilibrium conditions, which took 15 hours to achieve. The 
prototype was an eight feet cube, and the model a two feet 
cube. 
Both electric and hydraulic analogues have been used to 
investigate two-dimensional flow problems related to ventila­
tion of buildings. Krishnan (47) employed a hydraulic model 
"...to find the extent of disturbance in the free wind move­
ment both in front and at the back of a building block..." and 
also to "...determine the minimum spacing between two similar 
rectangular blocks so that the pattern round the lower block 
is not affected by the block in front... Preliminary experi­
ments have shown that this distance is about 4 to 6 times the 
length or height of the building, whichever is greater." 
Oblique winds and staggered buildings cause these minimum 
distances to change. The assumed laminar, incompressible flow 
of air was simulated by water flowing between two parallel 
glass plates having a one-sixteenth inch separation, and into 
which methylene dye was injected at one-quarter inch spacings. 
A complementary study was later conducted by Rajagopalan (68) 
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who used an electric analogue to obtain the flow-nets for 
rooms ventilated by permitting air to flow through windows in 
opposing walls. Assuming the air flow to be laminar, incom­
pressible and irrotational, an electric analogue, consisting 
of an electrolytic tank, plastic cross sections of the room, 
a voltage source, and a null indicator, was employed to 
determine "...the effect of variation in the wind direction on 
the volume of air entering the window and the subsequent dis­
tribution of air velocities inside the room." A typical 
flow-net is shown, and tabulated values of relative velocities 
at selected points within the room are presented for different 
angles of incidence, for rooms without and with four foot 
deflecting baffles in three types of arrangement. The results 
were also checked by repeating the work using the hydraulic 
analogue technique of Krishnan (47). 
Some interesting results from the analogue study by 
Rajagopalan (68) are that the volume of air entering the 
window decreased only about ten percent for angles of inci­
dence of zero (head-on wind) to 45®, but decreased rapidly at 
an increasing rate to zero at 90® with no air deflecting 
baffles installed. At an angle of incidence of 60®, air entry 
volume as determined from the analogue exhibited a decrease of 
35 percent. Wind tunnel tests, apparently on similar shapes, 
showed a 25 to 30 percent reduction at the same angle. 
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Recapitulation 
To recapitulate the foregoing material, the requirements 
for ventilation systems have been reviewed and examples 
appropriate to typical agricultural applications have been 
presented to provide a datum for similitude studies. Because 
man is an integral part of operating agricultural production 
systems, air contaminant information was not limited solely to 
a description of farm animal application. The concept of air 
change per unit time, and the terms drafty, stuffy, signifi­
cant velocity and drift were presented with reference to the 
overall ventilation problem involving man and animals in a 
confined space. 
The concomitant problem of exterior dilution of vented 
gases was mentioned and the present research status of model 
study thereon given. The lack of basic data on the physio­
logical requirements, except for the influences of temperature 
and humidity, of domestic animals was shown. The past and 
current status of ventilation studies was illustrated, point­
ing out that the vast majority of work has been accomplished 
on prototype structures under sometimes atypical conditions, 
with results being expressed both qualitatively and quantita­
tively. 
The apparently intense application of prototype and model 
studies of ventilation inlet and distribution systems was 
mentioned and the successful use of radioactive and non­
radioactive tracer gases in the study of air infiltration 
I 
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into, and air movement within, prototype structures was 
signified. The basic physical concepts pertaining to the 
general ventilation problem were given with illustrations of 
research findings from investigations of specific air movement 
pheomena where applicable dimensionless parameters were 
employed. The results of a model study investigating thermal 
similarity of cubical enclosures, convectively heated, was 
included; and the limited applicability of electric and 
hydraulic analogues as presently constituted was exemplified. 
No information was found that was devoted to similitude 
studies pertaining to the specific objective of this investi­
gation: the prediction of the concentration of a gas 
constituent in a confined, ventilated space, with emphasis on 
the use of true models to explore the phenomena. 
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ASSUMPTIONS AND DERIVATIONS 
It appears more logical to approach the study of predict­
ing gas concentration within a structure from the more 
inclusive aspect of similitude than to deal only with a single 
specialized prototype structure and a related functional type 
(e.g., a dairy barn, poultry house, farrowing house, apple 
storage, etc.). Within the similitude field, two approaches 
are considered in the following material. The first is con­
cerned with the pertinent characteristic differential 
equations governing the gas concentration change event and the 
establishment of an analogy having the same characteristic 
equation form for the analogous phenomenon. The second 
approach is based on the selection of pertinent variables 
governing the phenomenon and subsequent establishment of 
appropriate dimensionless combinations of these variables to 
facilitate a model study. 
Analogy Between Concentration and Temperature 
The characteristic equations for transfer of energy, 
mass, and momentum in a generalized system are developed in 
Appendix A, and the reader is referred thereto for the par­
ticulars of the derivations. The utility of the results of 
these derivations are of interest here and may be summarized 
by writing the characteristic equations for two different 
systems, one containing a multicomponent mixture of gases and 
the other a pure gas of constant composition. The derivations 
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assumed viscous and gravity forces to be negligible, and 
diffusion effects due to thermal, pressure, and external force 
(other than gravity) gradients to be negligible or identically 
zero. Also, the perfect gas law was assumed to apply. 
System 1; multicomponent gas mixture, isothermal, compressible 
flow 
Energy equation 
For an isothermal system, 0 = constant reduces 
the energy equation 
(1) 0^ = - 6(9'^ V) 
to the form 
(2) V«V = 0 
Continuity equation 
If it is assumed that V = V. (i.e., the mass 
average velocity is the same as the velocity of 
any gas component in the mixture), substitution 
of Equation 2 into the continuity equation. 
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results in 
DX. 
Dt^ = " 
which, according to equation A-44 (see Appendix 
A), is equivalent to 
3X. 
+ V«VX. = 0 d t — 1 
Momentum equation 
The momentum equation is 
DV 
Dt = - p <'P' 
Equation of state 
When the multicomponent mixture behaves as a 
perfect gas 
P = = Re 
C 
where 6^ is a specified constant temperature at 
a point within the system. 
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System 2^: pure gas, nonlsothermal, incompressible flow 
Continuity equation 
For incompressible flow, the continuity equation 
( 8 ) = - p ( V • V) 
reduces to the form 
(9) V'V = 0 
Energy equation 
Equation 9 substituted into the energy equation 
(10) 
results in 
(11) §1 = 0 
which, according to Equation A-44, is equivalent 
to 
(12) |i+V.79 = 0 
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Momentum equation 
The momentum equation is 
DV 
i(Vp) (13) 
Dt 
Equation of state 
For a perfect gas 
(14) P 8 
where is a specified constant mass concen­
tration at a point within the system. 
When subscript numbers 1 and 2 are used to designate 
System 1 and System 2, respectively, the similarity of form of 
Equations 5 and 12 suggest an analogy between concentration in 
System 1 and temperature in System 2. If Equation 5 is 
rewritten as 
(15) 
" ' + Vix ââT + Viy âyY + Viz 0 
and Equation 12 as 
(16) 
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and, following the methods presented by Murphy (59), if the 
prediction equation is taken as 
(17) = ne 
and for geometric similarity 
(18) X2 = nixi 
Yz = niYi 
Z2 = niZi 
and if the velocities are scaled according to 
(19) Yz -
then, substitution of Equations 17, 18, and 19 into Equation 
16 yields 
(20 )  
3X^ n2 
n3t2 nni 
ax. 
Vl; X + Vly 3^- T V12 
3X. 3X. 
+ V = 0 
which can be rearranged as 
(21) 
ni3Xi 3Xj 3X. 3X. 
HiTtT + ^ 1X^7 + ^ ly TyT + Viz âïY = 0 
Then Equation 21 compared with Equation 15 requires that 
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(22) 
A requirement of Equation 17 appears to be that a concen­
tration of zero corresponds to an absolute temperature of 
zero, and a concentration (mole or volume fraction) of unity 
corresponds to any selected upper limit of absolute tempera­
ture. Thus, if 1000*R (540*F) is arbitrarily taken as an 
upper working limit for temperature, then 
For this value of the proportionality constant, the boiling 
point of water (672®R) corresponds to a concentration of 
0.672 (67.2%), the freezing point of water (460®R) corresponds 
to a concentration of 0.46 (46%), and a concentration as low 
as only 0.01 (1%) would correspond to an absolute temperature 
of 10*R (-450*F). 
Clearly, in terms of equipment and facilities, the use of 
such an analogy does not lend itself to facile application on 
an experimental basis, especially for the low mass densities 
or concentrations (0 to 20%) pertinent to the production units 
related to this study. For example, even though the same 
Rankine temperature range increment can be used to represent 
an infinity of concentration ranges because of the flexibility 
introduced by the proportionality factor, n, in Equation 17, 
(23) n 
e 
1.0 
1000 0.001 per 'R 
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the basic difficulty encountered in application is inherent, 
that of obtaining a real fluid to represent the very low 
concentrations of a particular gas existing in the infiltering 
air pertinent to the prototype. To illustrate two typical 
cases, first carbon dioxide is assumed to be the gas of inter­
est and its volume fraction in the ordinary infiltering air is 
taken to be approximately 0.00033. Obviously, this value 
could be assigned as a lower temperature limit, say 460*R 
(0*F), with the result that 
(24) n = = 7.17 X 10"? per "R 
A concentration of 1% now would be represented in the analogue 
by a temperature of 
(25) 0 = = 13,920 *R 
7.17 X 10-7 
Secondly, if the infiltering air is assumed to contain none of 
the gas species of interest, as would be the case for the 
ventilation of a poultry house where ammonia gas buildup is of 
concern the infiltering air concentration with respect to 
ammonia now would be zero and the analogue would require a 
fluid temperature of zero degrees Rankine irrespective of the 
value selected for the proportionality factor, n. 
These two examples point out the difficulty of an appli­
cation of this analogy to real problems, though with the 
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proper equipment and facilities the required conditions could 
be approached through a repeated application of a readily 
attainable temperature range increment to different concentra­
tions, and thus utilize successive stepped values of n until 
an arbitrarily selected level of accuracy is reached. 
Idealized System and R.S.E. Value Defined 
In contrast to the so-called microscopic mass balances 
(see Appendix A) used in the previous derivations, a macro­
scopic mass balance can be made on a simplified idealized 
system which results in a directly integrable result (34) . In 
the idealized system, it is assumed that instantaneous and 
completely uniform mixing of the infiltering ventilation air 
with the total interior air occurs, and that all gas genera­
tion within the confined space itself is similarly transposed.. 
With a constant volume, v(L^), for the confined space with a 
concentration, (mole or volume fraction) at any time, t(T) ; 
a constant ventilation rate, Q(L^/T); and a constant volu­
metric gas generation rate, G^{L^/T), the mass balance on the 
system for gas species, i, becomes 
( 2 6 )  
Time rate of 
change of mass 
species i in 
system 
Rate of 
gain of 
mass 
species i 
Rate of 
removal of 
mass 
species i 
(27) 
d(vX^) 
~dt (Gi + QX^*) - QX^ 
Figure 1. Idealized system identification 
QXJ 
ON tsj 
QXi 
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where Xj^* represents a fixed concentration of the gas species 
of interest occurring in the infiltering ventilation air as 
indicated diagrammatically in Figure 1. 
Equation 27 can be rearranged for integration as follows 
( 2 8 )  
d(vX^) 
~dt Gi - Q(X^ - X^*) 
(29) 
dX^ 
- Q{X^ - X^*) V 
Integration of Equation 29 between corresponding limits 
yields 
(30) 
-Jln[G^ - OfX^ - X^*)] 
X. 
where £n stands for the natural, or Napierian, logarithm and 
Xio is the concentration within the confined space at same 
initial time, t^. When t^ is zero. Equation 30 becomes 
(31) An 
- Q(X^ - X^*) 
- Q'Xio -
.Qt 
V 
By taking the antilogarithm of both sides of Equation 31 and 
rearranging terms, one obtains 
(32) G. - Q(X. - X.*) [Gi - QIXio - X.«)]e 
Qt 
V 
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(33) Q{X^ - X^*) = - [G^ - Q(X^^ - X^*)]e 
.Qt 
V 
and, finally. 
G. G. -5Ï. 
(34) X. = X.» + -g- - - (X.^ - X.«)]e " 
which gives the concentration at any time, t, for the ideal­
ized system. 
For no gas generation of species i within the system. 
Equation 34 reduces to 
(Xio - X.*) 
(35) X. = X.* + — ^ Qt 
V 
Although this equation is written in terms of the volume or 
mole fraction for the gas species i, it could also be written 
in terms of the mass concentration, p^, for the species by 
virtue of the general relationship 
Ci p. 
= tr = cB: 
used previously. 
Whether in terms of X^ or p^. Equation 35 can be 
expressed usefully as 
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which is seen to be dimensionless in form with the term on the 
left taking on values of unity when equals at time t 
equals zero, and zero when at same later specified time, t, 
X^ equals X^*. 
Equation 37 demonstrates that the decay of the concentra­
tion is exponential in form. If the dimensionless exponent 
of the right hand term is unity, that is. 
then the time, t, obtained therefrom 
(39) t = I = tl 
represents the time required for one complete air change of 
the volume, v, at the given constant ventilation flow rate, Q. 
Thus, for a single air change. Equation 37 becomes 
X, - X,* 1 1 
X^„ - X.* = i = âTW = 0'367»8 
Equation 40 can be interpreted to mean that after any unit air 
change the concentration ratio term decreases from unity to a 
value of 0.36788; or, written as 
(41) (X^ - X^*) = (X^Q - X^*) (0.36788) 
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that the concentration change term (X^ - X^*) at the relaxa­
tion time tj is only 0.36788 of its initial value (X^^ - X^*) 
at some arbitrary initial time t^. 
This result can now be utilized to determine relative 
efficiencies for ventilation systems by (a) plotting the con­
centration ratio term against time or against the dimension-
less exponent on semilogarithmic paper for a system under 
test, (b) determining therefrom the time required for the 
concentration ratio term to decrease from unity to a value of 
0.36788, and then (c) comparing that time with the theoretical 
time required for a complete air change in an idealized system 
established from the relationship given by Equation 39. If 
t^ is used to designate the relaxation time found from a test 
of a real system, then a relative system efficiency (R.S.E.) 
for identical Q and v values can be defined as 
Qt, 
(42) R.S.E. = 
or as 
(2il) t' 
loot 
(43) R.S.E. (%) = -r—£• 
Alternatively, efficiencies could be defined as ratios of the 
concentration ratio terms of two systems evaluated where the 
dimensionless exponent took on values of 1, 2, 3,«**n, 
By virtue of the nature of the idealized system concept 
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presented here, the value of t^ determined from Equation 39 is 
assumed invariant with respect to the coordinate position 
within the system; therefore, tj values merely represent a 
datum for comparative system performance measurements and 
permit intersystem evaluations to be made for real systems 
having different ventilation iiilet, outlet, and general struc­
tural shape configurations. R.S.E. values greater than 100 
mean that the concentration decay rate of a real system pro­
ceeds less quickly than for the idealized system, and may 
loosely be interpreted to be indicative of poor ventilation or 
poor air exchange (dilution) conditions at a given or selected 
point within the system. The utilitarian value of R.S.E. or 
R.S.E.{%) determinations occurs when different real systems 
are compared to the same idealized base. It is suspected that 
real systems have minimum R.S.E. values and considerable work 
could be expended to determine these minimum values under 
various operating conditions. If these values were known for, 
say, the most common conventional ventilation system arrange­
ments, then the performance of the ventilation system for a 
given facility could be checked in the field to establish 
whether or not improvements were warranted. Model studies 
could also be undertaken to establish the R.S.E. values pertin­
ent to the infinity of configurations possible for ventilated 
structures, with new system designs being appropriately 
evaluated to project prototype performance characteristics. 
Field tests of the prototype then could be made to determine 
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whether or not the subsequent operation meets the design 
specifications for the intended use of the facility. 
Possibly, judicious testing could reveal for a given 
system the optimum flow rates for contaminant removal as well 
as economical flow rates relative to power consumption. 
Whether or not these two optimums coincide is most likely 
fortuitous. Also, studies are needed to determine whether or 
not presently recommended ventilation rates and techniques for 
temperature and moisture control are suitable for air contami­
nant control in the same production units. R.S.E. values 
could provide one item for this evaluation. 
Supervenient ventilation in any structure is always 
possible, especially where materials and/or workmanship is 
poor, or where old buildings are concerned. Perhaps the 
determination of R.S.E. values for controlled "tight" build­
ings could provide the field with information on the order of 
magnitude of leakage in existing facilities by comparison with 
the R.S.E. values for the actual operating field facility. 
Dimensional Analysis and Similitude 
Requirements for a True-Model System 
The general ventilation-dilution problem approached from 
the standpoint of dimensional analysis first requires that the 
significant variables influencing the phenomenon be selected 
so that dimensionless quantities can be formed which permit 
the design of a model system whose behavior can be subsequently 
studied and related to prototype response. Table 15 lists 
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Table 15. List of variables 
Symbol 
Basic . 
dimensions' Description 
Geometry 
I  
w  
h 
d 
1 
j 
L 
L 
L 
L 
Interior building length 
Reference length, interior building 
width 
Interior building height 
All pertinent ventilation air inlet 
and outlet geometry 
All other pertinent geometry, 
including spatial coordinates for 
the point(s) of gas concentration 
measurement 
Number of ventilation air inlets 
Number of ventilation air outlets 
Forces 
(6^ - 0) 
V 
V. 
L/t2 
6 
L/T 
L/T 
Acceleration due to gravity 
Temperature difference between the 
infiltering air and the interior 
atmosphere at a point within the 
building, where 6^ and 6 represent 
infiltering air and interior 
atmosphere absolute temperatures, 
respectively 
Supply air inlet mean velocity 
All other pertinent system 
velocities 
= mass; L = length; T = time; 0 = absolute temperature. 
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Table 15. (continued) 
Symbol 
Basic . 
dimensions' Description 
Properties 
Pi 
p 
y 
D 
K 
^i 
®i 
M/L3 
M/L3 
M/LT 
M/LT 
L2/T 
ML/8T3 
ML/0T3 
L2/T2 0 
L^/T^e 
1/8 
1/0 
Density of the infiltering air 
Density of the interior atmosphere 
Viscosity of the infiltering air 
Viscosity of the interior atmosphere 
Mass diffusivity of a gas component 
of interest in the building 
atmosphere 
Thermal conductivity of the 
interior atmosphere 
All other pertinent thermal con­
ductivities, including those of the 
structural system 
Specific heat at constant pressure 
of the infiltering air 
Specific heat at constant pressure 
of the interior atmosphere 
Thermal coefficient of volumetric 
expansion of the infiltering air 
(equal to the reciprocal of the 
absolute temperature for a perfect 
gas) 
Thermal coefficient of volumetric 
expansion of the interior atmosphere 
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Table 15. (continued) 
Basic 
Symbol dimensions Description 
/ y ^ y * % 
-TTT—_ y*. - Concentration ratio, the difference 
o " ' in volume fractions or mole frac­
tions (concentrations) between the 
interior atmosphere and the 
infiltering air for a selected gas 
component of interest, where X and 
X* represent the time dependent 
concentration of the interior 
atmosphere at a point during ven­
tilation and the constant concentra­
tion of the infiltering air relative 
to the species of interest, respec­
tively, divided by the difference 
in concentrations between the 
interior atmosphere and the infil­
tering air for the selected gas 
component of interest, where X© 
represents the initial concentra­
tion of the interior atmosphere at 
time datum zero and X* is as 
defined immediately above 
t T Time, measured from zero datum, at 
which the concentration, X, of the 
selected gas component of interest 
is measured 
these assumed applicable variables in terms of the classifica­
tion of pertinent quantities utilized by Murphy (59), the 
broad, general groups being geometry, forces, and properties 
of the materials. The fluid flow is assumed to be incom­
pressible, with a non-reactive building atmosphere and no 
significant internal heat sources present. The constitution 
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of the interior atmosphere of the building is assumed to be 
significantly different from the infiltering ventilation air 
initially, with correspondingly different properties resulting 
therefrom. It is desired to predict the concentration of a 
gas component of interest in the interior atmosphere as a 
function of time after ventilation of the confined space is 
initiated. 
In the following work, the justification for formulating 
the concentration parameter as the difference ratio of the 
variables X, X*, and X^ to compose one pi term instead of the 
two pi terms that could be formed from these three variables 
is based upon the analytical results of the theoretical 
derivation expressed by Equation 37 which show concentrations 
to enter as concentration difference terms. This result is 
similar in nature to those mathematical relationships where 
potential differences (e.g., pressures, temperatures, 
voltages) are found to provide the driving force for a particu­
lar phenomenon, and on the basis of established analytical 
results, pi terms are formulated using the differences between 
similar variables. 
The list of variables contains twenty-four entries but 
only four basic dimensions (M, L, T, 0). The dependent 
quantity can be expressed as a function of the primary quan­
tities as follows, where f stands for an unknown function. 
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(44) jx—- X*) ^ f(&,w,h,d,z,i,i,g,(G^-6),V,Vg,p^, 
A more useful general expression can be obtained by 
applying the techniques illustrated by Buckingham (12) and 
expounded in detail by Murphy (59) , wherein dimensionless 
quantities are formed from the pertinent variables. According 
to Buckingham (12), 
"If k is the number of fundamental units 
required in an absolute system for measuring the n 
kinds of quantity, the number of the dimensionless 
products n is 
i = n - k. " 
For the case in point, the Buckingham Pi Theorem thus requires 
twenty (24 - 4 = 20) dimensionless quantities. (Langhaar (48) 
points out that this technique "...is a convenient rule of 
thumb, but is not infallible...", and goes on to reiterate the 
numerative rule expounded by Van Driest in 1946 which stipu­
lates that, "The number of dimensionless products in a complete 
set is equal to the total number of variables minus the maxi­
mum number of these variables that will not form a 
dimensionless product." Langhaar (48) himself utilizes an 
equivalent rule which states that "The number of dimensionless 
products in a complete set is equal to the total number of 
variables minus the rank of their dimensional matrix." This 
latter rule apparently precludes difficulty with combinations 
of dimensions which may perhaps always appear together in the 
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same fashion in certain problems and which should be treated 
as a single dimension in the combined form, provided the com­
posing dimensions do not appear in other variables pertinent 
to the phenomenon.) One possible set of pi terms obtained by 
inspection is presented in Table 16. 
The pi terms in Table 16 can be functionally related as 
shown below, where f represents a new unknown function and 
III is the dependent quantity. 
(45) n 1 = f ' (1I2/113, • • •, n2o) 
A comparison of Equation 45 with Equation 44 shows that 
utilization of the pi terra methodology has resulted in a 
decrease in the number of variables involved, from twenty-four 
in Equation 44 to twenty in Equation 45. 
Further simplifications may be made based on previous 
research and the objectives of this study. If the temperature 
differences are negligible or identically zero, then pi terms 
15, 16, 17, 18, 19, and 20 can be discarded. That these pi 
terms can be discarded appears to be a reasonable assumption 
for some types of agricultural systems because no attempt is 
made to maintain large temperature differentials under current 
operating practices; and, when a wide natural differential is 
present, it may be of short duration (i.e., two weeks or less) 
compared with normal system operation. Because this investi­
gation is not designed to explore all types of systems nor the 
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Table 16. List of dimensionless pi terms 
Pi Term Description and/or symbolic notation 
/V _ \ 
III = Concentration ratio number, CR 
" 5  = 1  
ng = i 
n? = j 
Vg 
^8 = IT 
"9 = 
dVp. 
Ill0 = ^ ' Reynolds number. Re 
= 1:1 
"12 " pD Schmidt number, Sc 
V2 
" gd Froude number, Fr 
Time parameter number, TP 
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Table 16. (continued) 
Pi Term Description and/or symbolic notation 
Hjs = ^  Prandtl number, Pr 
%16 = ZT 
ni7 = I 
"i8  =  i :  
e^g(e. - 0)h3p2 
III9 - Grashof number, Gr 
V2 
20 c^(0^ - 0) 
extremes of system operations, testing will be accomplished 
under the above assumption at as nearly constant temperature 
conditions as permitted by the facilities available. Forced 
convection ventilation is assumed and therefore gravity flow 
due to thermally induced fluid density differences may be 
negligible in comparison, if detectable at all, and g and 
Hi9 may be consequently neglected. In addition, 1120 may be 
justifiably disposed of because, according to Kay (39), this 
pi term may be interpreted to be a measure of compressibility 
heating effects which are apparently significant only in 
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high-speed flow, a condition inappropriate to the ventilation 
problem at hand. 
If bulk flow of the fluid is considered to be the pre­
dominant means of mass transfer for the atmospheric constitu­
ent of interest (i.e., ordinary, or concentration dependent, 
diffusion is negligible in comparison), then II12 (Sc) can be 
deleted. If viscous effects are ignored, 0 and % may be 
discarded. Elimination of n^o (Re) fortuitously precludes a 
conflict in velocity scales derived from n^o and 3 (Fr) for 
model-prototype systems employing the same fluid. System 
roughness is considered not to be a significant parameter in 
this study and consequently does not appear in the list of 
variables. 
With the foregoing simplifications. Equation 45 reduces 
to Equation 46, where f*' represents another new function for 
the prototype system. 
(46) n 1 = f ' ' (112,n3,iiij, 115,ii0,iiy,iig,iig,n 13,nhj) 
A similar expression can be written for a model (subscripted 
with m), and, if the functions relating the pi terms are the 
same for both systems (f•' = f^') and corresponding terms are 
the same (112 = Il2ni; 113 = 113^; etc), then by dividing Equation 
46 by the equation for the model one obtains 
(47) III - I^im 
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and prototype response can thus be predicted from the model by 
virtue of similitude of operation. 
The Time Parameter number can be readily converted to the 
Air Change number (AC) by a combination of the existing pi 
terms as indicated below. 
n 1 If iiij I Hi, 11 
= n.ns 
In terms of the primary variables. Equation 48 becomes 
Vt ^  ^  
,49) AC = " r," =  
w w 
where the primed items represent specific dimensions of the 
ventilation inlet to obtain its area, and V represents the 
mean velocity through that area. The quantity d'd''V thus 
becomes the flow rate, QiL^/T), and the product &wh is simply 
the building volume, v(L^). Equation 49 can then be rewritten 
as 
(50) AC = ^ t 
and can be substituted for TP. The design and operating 
conditions for a model-prototype system are then as follows, 
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(52) 
(53) 
(54) 
(57) 
(58) 
(59) 
(60)  
h _ ^ 
" • "m 
d _ 
- " % 
z _ 
"m 
(55) i = im 
(56) j = 
V V 
s _ sm 
^ 
p _ 
Pi ("im 
V2 ^ 
Qt _ 
~ - ^  
The conditions of geometric and numerative similarity 
prescribed by Equations 51 through 60 are relatively easy to 
achieve. The density requirement exhibited by Equation 58 
shows that if the same fluid(s) are used in model and proto­
type, then the composition of the interior atmospheres of the 
two systems should be the same to achieve equivalency. If 
carbon dioxide is used as the tracer gas and the concentra­
tions of it are kept relatively low, the density variations 
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may be negligible and the requirement imposed by Equation 58 
may be relaxed appreciably. This can be illustrated for air-
carbon dioxide mixtures as follows. 
If air and carbon dioxide are assumed to have approximate 
molecular weights of 29 and 44, respectively, the specific 
weight, w, of the air and pure carbon dioxide can be expressed 
by (7, 17) 
(61) w = lbs.(m)/cu. ft. 
where p is in pounds per square inch, the temperature of the 
gas is in degrees Fahrenheit, and R is the particular gas con­
stant determined from the universal gas constant, R^, and the 
molecular weight of the gas, m, or 
(62) R = ^ = 1545.3 ft.-lb./lb.-*R 
m m 
For conditions of 70*F and an absolute pressure of 14.7 psi, 
the results calculated from Equations 61 and 62 become those 
expressed in Table 17. For mixtures of these two gases and 
with the slight amount of carbon dioxide in normal air 
ignored, the molecular weight, m, for the same conditions can 
be expressed as 
(63) m = 29 + 0.15X 
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Table 17. Specific weight of air and pure carbon dioxide at 
14.7 psia. and 70*F 
m R w 
Gas lbs./mole ft.-lb./lb.-°R lbs.(m)/cu. ft. 
Normal air 29 53.3 0.075 
Carbon dioxide 44 35.1 0.114 
Where X is the concentration of carbon dioxide in the mixture 
in percent. Similarly, the specific weight of the mixture can 
be found from 
(64) w = 0.075 + 0.00039X 
Where X is again the carbon dioxide concentration in percent. 
Equation 64 is illustrated graphically in Figure 2. 
A concentration of twenty percent carbon dioxide in a 
typical agricultural structure would be inordinately high, 
because from Table 10 eight percent was the highest concentra­
tion listed for a controlled atmosphere apple storage, and 
Table 12 gives a recommended threshold limit value for 
occupational exposure of humans of only 0.5 percent (5000 ppm). 
Should the actual concentration obtained be higher than 
desired, the percent error in the density based on that 
desired can be expressed as 
Figure 2. Specific weight of air-carbon dioxide mixtures at 
14.7 psia.and 70°F 
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(65) % Error 
whic6, upon the substitution of expressions for the higher and 
desired values from Equation 64, reduces to 
where the subscripts h and d refer to the higher and desired 
values, respectively. An evaluation of Equation 66 for the 
maximum error yields a value of 52% when X, = 100% and X, is 
zero. Figure 3 shows the % Error relationships for various 
concentration differences (i.e., values of [X^ - X^]). It can 
be seen therefrom that a constant concentration difference of 
20% results in % Error values of less than 10% for nearly all 
values of X^. For this study, only concentrations in the 
lower ranges are intended (i.e., X^ values of 20% or less, and 
(Xfa - X^) values of 10% or less) where the % Error values are 
appreciably less (i.e., 3 to 5% or less). Density errors will 
therefore be correspondingly small. The chart of course can 
also be used for negative (X^ - X^) values, with the result 
that the % Error values become negative, thus indicating con­
centrations less than desired. 
If the acceleration due to gravity is the same in model 
and prototype, then the velocity scale, obtained from Fr in 
Equation 59, is given by 
( 6 6 )  % Error 
0.039(X^ - X^) 
0.075 + 0.00039X d 
Figure 3, Percent error in gas density for different concen­
trations and concentration differences; for 
conditions of 14.7 psia. and 70*F 
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(67) ^ = /IT 
m 
where n is the length scale obtained from the reference 
dimension w, or 
(68) ^ " 
m m 
The time scale can be obtained from the fact that for 
this investigation the acceleration of gravity will be the 
same in model and prototype, thus 
(69) ^ = 1 = ^ 
m 
where £' and are representative lengths and t and t^ are 
times. From Equation 69, the time scale becomes 
(70) = /n" 
m 
Equation 70 indicates that for length scales greater than 
unity times (intervals) in the model are shorter than in the 
prototype. 
The air change rate scale can be established from the 
operating condition of Equation 60. Because Q/v values 
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represent the number of air changes per unit time, this scale 
ratio becomes 
Q 
(71) V ^m 
% 
and by incorporation of Equation 70, Equation 71 reduces to 
(72) 
Q 
V 1 
°in /IT 
% 
In other words, air change rates in the model are higher than 
in the prototype. 
If Equation 71 had been used in conjunction with TP 
instead of AC in Equation 60, the same velocity scale would 
have resulted as presently given by Equation 67; thus, there 
is no scale conflict between these two pi terms (i.e.» Fr and 
TP). 
Use of Similitude Equations in this Work 
It is the specific purpose of this research study to 
verify the applicability of the Air Change number (AC) in the 
prediction of the Concentration Ratio (CR) when use is made of 
the similitude relationships derived and assumed applicable 
(i.e.. Equations 51 through 60). It was noted previously, 
however, that the Reynolds number was assumed inapplicable to 
the phenomenon by virtue of the presupposition of inviscid 
89 
flow. If this were not the case, and if the same fluid were 
to be used in both the model and prototype systems, then a 
conflict in velocity scales between the Froude and Reynolds 
numbers would occur. From the Reynolds number, 
whereas, the velocity scale due to the condition previously 
stipulated for the Froude number yielded 
These results show that velocities in the model would be 
higher than in the prototype if design were to be based on the 
Reynolds number, while a design based solely on the Froude 
number would yield velocities in the model lower than in the 
prototype. The flow rate scales obtained from Equations 73 
and 74 become 
(73) 
n 
1 
(74) 
(75) n 
(76) n5/2 
Through division of Equation 76 by 75, the ratio of the two 
flow rate scales becomes 
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(77) Flow Ratio (Fr:Re) = 
Equation 77 suggests that not satisfying the Reynolds and 
Froude criteria simultaneously could quickly lead to serious 
difficulties if both were of appreciable significance in the 
phenomenon under investigation. Where this is necessary, but 
to utilize different fluids in the model and prototype 
systems is neither desirable nor practical, pressurization can 
be employed because the viscosity of gases varies insignifi­
cantly with moderate pressure increases (14). Thus, if y = 
the velocity scale from the Reynolds number becomes 
and, to simultaneously satisfy Equation 74, it is therefore 
necessary that 
(78) 
P m n V2 (79) 
P 
or, in terms of pressures at the same gas temperatures. 
(80) ^ = n3/2 
P 
A length scale of n = 4 would now require an internal pressure 
in the model eight times that in the prototype. A moderate 
pressure increase such as this probably would require both 
91 
special equipment and controls as well as construction of 
models to withstand the increased forces if external pressure 
remains at the atmospheric level. Model construction diffi­
culties could be avoided by employing a pressure vessel to 
contain the system under test, although to construct a 
pressure vessel and equip it for remote control operation 
might be the more difficult and expensive. 
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EQUIPMENT 
General 
The test facility employed in this study was comprised of 
(1) three enclosures upon which measurements were made, (2) a 
gas charging system, (3) a gas sampling system, (4) a gas 
analyzing system, and (5) an air delivery system. All compon­
ents were housed within a laboratory which utilized 
thermostatically controlled heating and air conditioning 
equipment. An attempt was made to control the laboratory 
ambient temperature at 70®F; however, temperature gradients 
did exist due to cycling of the heating or cooling equipment. 
Laboratory temperature and relative humidity measurements were 
made with a Minneapolis-Honeywell Regulator Co. Brown Recorder. 
The relative humidity generally ranged between 20 and 70 per­
cent in the laboratory. 
Test Enclosures 
Three test enclosures were constructed, the largest of 
which was arbitrarily designated as the prototype. All of the 
enclosures were geometrically similar and contained a single 
circular ventilation air inlet, with an identical air outlet 
directly opposite the inlet. Table 18 lists the physical 
dimensions of these enclosures and their respective duct sizes. 
The enclosures were constructed from 3/4-inch thick Douglas 
fir plywood, A-C grade, exterior type. The sanded side of the 
plywood sheets was used for the interior surfaces of the 
Figure 4. Equipment 
Upper left; Gas chromatograph and recorder 
Upper right: Enclosure Ml (prototype) with 1/4-inch diameter gas 
sampling probe installed 
Lower left: Model M2, and Model M3 with 1/8-inch diameter gas 
sampling probe in place 
Lower right: Air delivery system showing blower, flowmeters, and 
slide valves 
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Table 18. Physical dimensions of model enclosures 
Length Diameter of air 
scale inlet and outlet 
Enclosure n L W H inches 
Ml^ 1 96 48 .12 2.07 
M2 2 48 24 6 1.05 
M3 3 32 16 4 0.69 
^Prototype. 
models. Construction of each model took place in the follow­
ing manner. First, the structural components were cut to size 
and then edge-drilled at 2-inch intervals to accept nails with 
a minimum of damage to the joint area. Then the ends were 
glued and nailed to the bottom and top, with spacers in place 
inside the model at each end and in the center to assure 
maintenance of correct interior dimensions. After the glue 
had hardened, the interior joints were filleted with glue and 
wiped smooth. Holes were then drilled in the top panel to 
permit insertion of a gas sampling probe. These holes were 
located at intervals of one-quarter of the length and width 
from the interior ends and sidewalls of the model. Pressure-
sensitive tape covered the probe holes when not in use. Each 
side of the model in turn was then nailed temporarily to the 
top and bottom panels, with the spacing blocks in place inside 
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the model, and the intersection of the interior ceiling and 
floor surfaces were scribed on the side. The side panels were 
then removed and drilled to receive identical air inlet and 
outlet pipe ducts. The centerlines of both ducts were located 
on a transverse centerline of the model at a distance of one-
eighth of the interior height from the ceiling and perpendi­
cular to the sides of the model. Both pipes were flush-mounted 
with respect to the inside sidewalls, and were lathed to 
obtain square ends. Pressure taps were inserted in the ducts 
at a distance of two inside pipe diameters from the inside 
wall surfaces of the model. The effluent duct connected to a 
flexible tube which discharged outside of the laboratory, and 
the influent duct connected to the air delivery system by 
means of a pipe union and a short length of flexible tubing 
which was inserted to facilitate alignment during hookup when 
tests were being conducted. Following duct attachment, the 
sides were then realigned and nailed on the model, with 
plastic construction mastic used to provide a surface-to-
surface seal between the sidewall panels and the rest of the 
model. Scaffold nails were used for sidewall fasteners to 
facilitate panel removal if and when required. Finally, all 
joints were taped with pressure-sensitive tape which had an 
exterior plastic lamination. The models were constructed with 
two basic thoughts in mind: (1) the achievement of the 
required scaled sizes selected, and (2) attainment of 
enclosures that were as leak-free as possible with respect to 
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ventilation considerations. 
Gas Charging System 
All tests were initiated with the interior atmospheres 
of the model enclosures containing a concentration of tracer 
gas, carbon dioxide in this case, considerably higher than 
found in normal air. Carbon dioxide was selected for use 
because of its ready availability, low cost, compatability 
with the gas analyzing equipment available, and obvious 
relationship to many biological prototype environments. The 
gas charging system consisted of a high-pressure cylinder of 
pure carbon dioxide, a two-stage pressure regulator, Tygon 
plastic tubing, and a Brooks Instrument Co. flowmeter (flow­
meter tube size 5-65-A, 0 to 40 cfh air standard). The 
effluent from the flowmeter was divided into three components 
for the charging operation. One portion of the flow entered 
the model inlet duct, while the other two segments of the flow 
entered the model through 1/4-inch pipes located in the end-
wall panels at midheight and at a distance of one-eighth the 
model width from the inlet duct's sidewall panel. This 
arrangement was utilized to obtain relatively rapid charging 
and thorough mixing of the tracer gas with the interior air. 
During the charging operation, the carbon dioxide entered the 
inlet duct through a one-hole rubber stopper, thus forcing all 
gas ejected from the model to be discharged from the model's 
outlet duct which, in turn, discharged into the air outside 
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the laboratory. This assured maintenance of the laboratory 
atmosphere at a carbon dioxide concentration level near that 
of normal air, and kept the initial relative magnitudes of the 
carbon dioxide concentrations in the model environment and the 
incoming ventilation air at a wide range to permit suitable 
detection by the gas analyzing system which is discussed later. 
Gas Sampling System 
Samples of gas were periodically extracted from a model's 
atmosphere with a stainless steel probe inserted through a 
hole drilled in the top panel. The tip of the sampling probe 
was located midway between the floor and ceiling of the 
enclosure and along the longitudinal centerline at a distance 
of one-quarter of the model length from an endwall. A 1/4-
inch diameter tube and a 1/8-inch diameter tube were employed 
for the largest model (prototype) and the two smaller models, 
respectively. Each sampling probe was equipped with a Swage-
lock Quick Connect fitting to facilitate interchanging probes 
for different tests. 
Both the sampling gas probe and a carrier gas line for a 
gas chromatograph were connected to a Milkens Instrument and 
Research, Inc. two-position, six-way linear gas sampling valve 
which in turn was equipped with a 250-microliter gas sample 
loop. The dead volume of the sampling valve was also approxi­
mately 250-microliters. The valve spindle utilized Viton Quad 
Rings to obtain a seal advertised as leak-free, and the 
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assembly was reportedly capable of a sample reproducibility 
to within 0.2 percent accuracy. A solenoid controlled the 
action of the valve, the solenoid being energized by an 
electro-mechanical timer arrangement. Two Eagle Signal Corp. 
Multipulse timers were used to obtain a 2-minute repetitive 
sampling cycle with the sample valve closed to the sample gas 
flow (i.e., open to the carrier gas flow to the gas chromato-
graph) for a period of five seconds at the beginning of each 
2-minute cycle. A 5-second interval was chosen to assure 
complete purging of the gas sample from the valve and sample 
loop by the carrier gas. Initial observations on the system 
had established that the valve had to be closed for at least 
one second to obtain suitable purging and reproducibility with 
the chromatograph. 
The timers were wired such that one rotated continually 
during a test driving a cam shaft at one rpm. An adjustable 
cam on the first timer was positioned to permit a microswitch 
to close for thirty seconds to energize the second timer motor. 
Two revolutions of the first timer's camshaft resulted in one 
revolution of the second timer's camshaft. The second timer 
was fitted with a cam adjusted to close a second microswitch 
for five seconds. This switch activated the solenoid of the 
gas sampling valve. The "two-five" timer combination resulted 
in negligible induced heating of the solenoid, valve body, and 
sample loop. Otherwise a variable heating effect could have 
influenced the sample taken from the sample loop where such 
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small samples are involved. 
The complete sampling method had to be automatic and of a 
consistent procedure to obtain reproducibility. Manual injec­
tion of samples through the chromatograph injector system 
using gastight syringes proved to be futile because of the 
many variables involved. Just the simple process of carrying 
a sample a short distance from the point of sampling to the 
chromatograph results in a significant sample dilution due to 
diffusion from the syringe needle. Additional problems of 
obtaining uniform and consistent manual injection, of sample 
size reproducibility to satisfy chromatograph calibration, and 
a host of sampling problems associated with the enclosure 
itself during manual sampling soon justifies the argument that 
automatic sampling is a necessity where small quantities are 
to be obtained. Control requirements for other segments of 
the system during a test also encourage use of automatic 
sampling if only a single operator is available. 
The timer intervals were set using a Brush recorder out­
put to check the microswitch open and closed time durations. 
These were set to an accuracy within 0.10 percent based on 
several hours of testing. The gas sampling valve could also 
be manually controlled by a push-button switch. A pilot light 
was wired in parallel with the solenoid valve so that other 
operations could be manually initiated in correct sequence and 
at the proper time with respect to the gas sampling cycle. 
The same sampling cycle was utilized for nearly all tests and 
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is related to the chromatograph characteristics as will be 
illustrated later. 
A Matheson Co., Inc. dual float flowmeter (flowmeter tube 
size R-2-15-AA, 0 to 150 mm scale range) was employed to 
measure the sample gas flow rate. The outlet of the flow­
meter was connected to a water powered aspirator which in turn 
provided the necessary pressure differential to obtain flow 
through the gas sampling system. 
Gas Analyzing System 
The primary component in the gas analyzing system was a 
Model 660 Wilkens Instrument and Research, Inc. gas chromato­
graph that combined a suitable inert gas detector, a single 
channel electrometer, and a pen-type strip-chart recorder. 
The chromatograph had separate, independently heated and 
controlled ovens for the detector and column, and a separate, 
independently heated and controlled injection port. Tempera­
tures in all three components could be read from a pyrometer 
on the chromatograph. Carrier gas flowed from a high pressure 
tank through a two-stage regulator, an in-line drier, a 
differential pressure relay, and a needle valve to the gas 
sampling valve. The 1/8-inch copper return line from the gas 
sampling valve to the separation column in the chromatograph 
column oven was limited to 4 feet which prevented mixing of 
the sample plug with the carrier gas and assured good detector 
response. After passing through the column, the gas entered 
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the detector and finally flowed through a 10 ml. bubble flow­
meter. Snoop leak detector, manufactured by Nuclear Products 
Co., was used in the bubble flowmeter. As either a leak 
detector or a gas flow indicator, this product is superior to 
a conventional soap solution because it leaves practically no 
residue upon drying. 
Although the chromatograph available for this study could 
be used with either flame ionization, electron capture, or 
cross section detectors, the flame ionization type could not 
be used because of its insensitivity to all fixed gases, such 
as carbon dioxide. The electron capture type is generally 
unsuitable because it is sensitive also to alkyl halides, 
metal organics, conjugated carbonyls, nitriles, nitrates, and 
sulfur-containing compounds and has the added disadvantage of 
being quickly inactivated by water vapor. Fortunately, the 
cross section detector is reasonably unaffected by water vapor 
and is sensitive to an inert gas such as carbon dioxide. 
According to Dimick and Kigali (22), 
"This detector was invented by Shell Develop­
ment Company about 1957. The design was such that 
it could be used only with large gas volumes. It 
was comparatively insensitive but extremely linear 
and had a dynamic range extending from minimum 
detectable quantities to 50% concentration of sample. 
"Dr. Lovelock redesigned this detector to make 
it more useable with small columns. According to 
him it is completely catholic (this term does not 
refer to religion but means that it is useful for 
detection of all vapors or gases). Furthermore, the 
response of this detector can be calculated from a 
chemical basis. The amount of current is propor­
tional to the number of electrons in the compound 
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being detected. 
"The beta particle, which is an extremely fast 
moving electron, only rarely collides with the small 
target of the ... carrier gas molecule. These betas 
have such high energy that they are not affected by 
the 300 V field across the detector. These beta 
particles collide with the foreign molecules enter­
ing the detector forming slow moving electrons. 
These slow electrons can then be collected on the 
anode producing a signal proportional to the concentra­
tion. 
"The disadvantages of this detector are: it 
requires a radioactive source. Tritium, which can be 
contaminated and which limits the operating tempera­
ture to below 220°C. It is not significantly more 
sensitive than a good T. C. Detector." 
The tritium source utilized in the cross section detector 
purchased for this study had a source strength of 250 milli-
curies (9.25 x 10^ disintegrations per second) and was in the 
form of a thin foil. The carrier gas employed was a mixture 
of 97 percent helium and 3 percent methane. This mixture was 
used so that the detector could operate at a relatively high 
temperature to prevent water vapor condensation on the foil 
which would inactivate the detector. The methane is required 
as a quenching gas. Pure hydrogen can also be used as a 
carrier gas with this detector for low temperature operation 
(up to 100*C). For this study, the detector was maintained at 
a temperature of 150*C. 
One of the major problems related to gas chromatography 
is that of obtaining a suitable column which will separate the 
constituents of interest in the sample. An additional problem 
met in this study was that of finding a column which would 
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accomplish this separation within a reasonable time limit 
because a transient phenomenon was to be studied which required 
relatively rapid cyclic sampling. This requirement and the 
associated problem of getting the chromatograph to function 
properly were the most troublesome aspects of the whole study. 
One quickly finds that a chromatograph is not a "plug-in and 
operate" instrument, and chromatography is more an art than a 
science. For specific information on the subject, the reader 
is referred to Dal Nogare and Juvet (19), and others (72, 73). 
After unsuccessful attempts were made to obtain separa­
tion of carbon dioxide from air in a reasonably short time 
interval using 1/4-inch diameter copper columns packed with 
silica gel, a 1/4-inch diameter by 8-foot long copper column 
packed with di (2-ethylhexyl) sebacate on regular 60/80 
Chromosorb P was found to perform fairly closely to specifica­
tions set up for the sampling cycle. Because of the model 
sizes and flow rates employed, it was felt that sampling 
should be accomplished at intervals of about 1 minute; however, 
the optimum sample cycling time was set at 2 minutes because 
of the elution characteristics of the column. This particular 
column packing separates air, carbon dioxide, and water vapor, 
with the air peak occurring first and the water vapor being 
eluted after the carbon dioxide in the sample. It was deter­
mined that if a 2-minute interval was used between injection of 
samples, the carbon dioxide peak could be readily distinguished 
from the air peak and the detector response due to the water 
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vapor present would have no influence on the next sample 
injected. In other words, if all components of one sample 
have not passed the detector before a particular component of 
a succeeding sample is detected, the signals will be super­
imposed and no useful data can be obtained because the effects 
cannot be separated. Also, excessive tailing of the air and 
carbon dioxide peaks occurs if the column absorbs too much 
water and the results recorded become imprecise. To obtain 
the proper elution rates of the sample components, the column 
was operated at a temperature of 30 to 35®C with a carrier gas 
flow rate of 60 ml./min. at 70 psig. 
Preliminary testing with normal air, a calibration 
standard-mixture of 10.2 percent carbon dioxide with the 
balance air, and pure carbon dioxide showed that the detector 
experienced a signal reversal when the sample size injected 
into the column was too large. Also, the response is non­
linear well before reversal is encountered. For this reason, 
it is necessary to use fairly small samples especially if the 
concentration of a component of interest is relatively high. 
On the other hand, a high initial concentration of a tracer 
gas is necessary if the concentration change is to be detected 
over a reasonable period of time to match the elution charac­
teristics of the column. In other words, if the required 
elution time of the column is so long that the phenomena of 
interest is over or nearly over before another sample can be 
taken, then the system is useless for the purpose intended. 
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When using the gases previously mentioned, it was determined 
when carbon dioxide was eluted after injection and how much 
air peak tailing influenced the carbon dioxide peak, because 
the carbon dioxide peak followed the air peak closely. On the 
basis of these results, it was decided to measure the carbon 
dioxide peak as the apex height above a base line, drawn as a 
straight line approximation to the normal air tail curve for 
the region within which the carbon dioxide peak was super­
imposed on the air peak tail. 
As has been implied above, a great number of variables 
influence chromatographic analysis. Among the more important 
of the remaining items that should be mentioned are that an 
incorrect amount of quenching gas in the carrier gas and 
column bleeding will also affect detector response; that to 
offset the effect of moisture buildup in the column, and to 
initially condition the column, baking at 100®C for a minimum 
of 12 hours or more is needed with pure nitrogen or the 
carrier gas continuously run through the column at 10 to 15 
ml./min. while baking. The whole system needs periodic 
testing for leaks using the leak detector solution previously 
mentioned. Even minute leaks cannot be tolerated because of 
the small sample sizes, low concentrations, and column elution 
characteristics ordinarily met in chromatographic analysis. 
Air Delivery System 
Ventilating air was supplied to the models by a Hoffman 
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Industries direct-driven centrifugal blower (overhung con­
struction, vertical up discharge; 1/2 H.P., 3,450 rpm, 
115 volt, 1 phase, 60 cycle dripproof motor; rated to deliver 
20 to 100 SCFM air at 0.35 PSIG, or 9.69 inches of water gage). 
The ventilating air, taken from the laboratory environment, 
usually experienced approximately a 3- to 10-degree rise in 
temperature across the blower depending upon the specific 
conditions within the laboratory. For example, if the air 
conditioning equipment had just initiated a cooling cycle, the 
temperature rise was less than that resulting from blower 
operation after the air conditioning equipment had been shut 
off by the room thermostat. This change in air temperature 
had a noticeable effect on the flowmeters, and flow rate 
corrections were made for air temperature effects as well as 
atmospheric pressure changes as will be explained later. The 
ventilating air temperature was taken at the entrance to the 
flowmeter in use for a particular test. Atmospheric pressure 
was read from a Taylor Instrument Co. aneroid barometer which 
had been calibrated against a mercury barometer in the Physics 
Department at Iowa State University. 
The air expelled by the blower could be delivered to 
either or both of two flowmeters connected in parallel, or 
bypassed directly back into the laboratory atmosphere. Flow 
into each flowmeter and through the bypass line was controlled 
by three slide valves. The bypass line was used to prevent 
surging by permitting the blower to operate at a high total 
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volume. Otherwise the total flow would be severely restricted 
when passing only a selected, decreased delivery through one 
of the flowmeters. By diverting the desired portion of the 
total flow through the flowmeters, excessive heating in the 
blower also was avoided. 
Both flowmeters were direct reading Rotometers manufac­
tured by Brooks Instrument Co., Inc. and had 10:1 flow ranges. 
The scale range of the larger capacity Rotometer was 1.8 to 
18.0 SCFM calibrated in increments of 0.2 SCFM and the scale 
range of the smaller capacity flowmeter was 0.3 to 3.15 SCFM 
calibrated in increments of 0.05 SCFM, both ratings being 
based on air at 70*F and 14.7 psia. The pressure drops across 
the flowmeters at full capacity were 8.4 inches and 5.5 inches 
of water gage for the larger and smaller capacity Rotometers, 
respectively. The blower and flowmeters were thus compatible 
with respect to pressure requirements. 
The air discharged from the flowmeters was conducted to 
the models through 2 1/8-inch diameter galvanized steel tubing. 
Long sweep elbows were used to reduce friction where direc­
tional changes were required. Special adapters coupled the 
tubing to standard pipe fittings. A pressure tap was inserted 
in the tubing downstream from the flowmeter discharge. A 
mercury manometer provided for pressure readings at this loca­
tion. The motor driving the centrifugal blower was controlled 
by a manually-operated switch. 
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TESTING PROCEDURE 
The procedure described herein was used for all tests. 
It presumes that all equipment, including the chromatograph 
system, has been assembled and checked for correct performance. 
This description, therefore, relates what was required to set 
the system into operation to make a single test and continue 
with successive tests. 
The day before a series of tests was to be conducted, the 
chromatograph detector and column ovens were set to the 
selected operating temperatures and allowed to come to equili­
brium, The electrometer also was turned on at this time. For 
this investigation, the column was operated between 30 and 
35®C and the detector at 150®C. The detector was operated at 
a higher temperature than the column to prevent condensation 
in the detector which would inactivate it. (The maximum 
operating temperature of the detector is 220®C due to the 
tritium source employed.) 
When the chromatograph ovens had reached equilibrium, the 
recorder was turned on and warmed up. This required one-half 
hour. The carrier gas flow rate was adjusted to 60 ml./min. 
at 70 psig. using a bubble flow meter. Then, the recorder was 
zeroed and balanced with the electrometer to give zero 
detector output for the carrier gas flow rate and oven tempera­
ture conditions given previously. 
The ventilation system blower was turned on and run until 
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its equilibrium temperature was reached. This required one 
hour. Then, a model enclosure was connected to the air 
delivery system, and the gas sampling probe, sampling valve, 
and sample gas flowmeter were installed. From readings of 
barometric pressure, pressure in the air delivery piping, and 
of temperature at the inlet of the flowmeter for the air 
delivery system in use, a corrected observed flowmeter reading 
was obtained to correspond to a desired flow rate through the 
model at standard conditions (14.7 psia. and 70*F). Correc­
tion factors in sliderule form were supplied by the flowmeter 
manufacturer. In general, flow rate corrections due to 
pressure and temperature effects were about 4 percent. 
The desired flow rate was obtained by adjusting the slide 
valves in the air delivery system. This established the 
pressure level in the model and permitted the gas sampling 
system flow rate to be adjusted next by means of a needle 
valve on the sampling system flowmeter. The flowmeter outlet 
was connected to a water aspirator which caused the greater 
part of the pressure drop across the sampling line flowmeter 
and the sampling valve. 
The aspirator was then disconnected from the flowmeter 
and the standard gas line was attached to the gas sampling 
valve in place of the sampling probe. Ten to 20 samples of a 
10.2 percent carbon dioxide (balance air) standard were then 
taken with the pressure adjusted to produce the same flow 
through the meter that would result under the test conditions. 
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This procedure was carried out each time a different flow rate 
was employed for a given model, or when tests were made on 
different models requiring other flow rates. The ventilation 
flow rates and the gas sampling system flow rates utilized are 
summarized in Table 19. The sample gas flow rates represent 
Table 19. Summary of ventilation and sampling system flow 
rates 
Enclosure 
Air changes 
per hour 
Ventilation 
flow rate 
SCFMB 
Sample gas 
flow rate 
cc/min. 
Model 
design 
basis 
Ml 30.00 16.00 90.0 p" 
Ml 15.00 8.00 90.0 P 
Ml 7.50 4.00 90.0 P 
M2 42.42 2.83 15.9 Fr^ 
M2 21.21 1.41 15.9 Fr 
M2 60.00 4.00 45.0 Re^ 
M2 30.00 2.00 45.0 Re 
M3 51.96 1.03 5.8 Fr 
M3 25.98 0.51 5.8 Fr 
M3 135.00 2.67 30.0 Re 
MS 67.50 1.33 30.0 Re 
^Standard cubic feet per minute. 
^Prototype. 
^Froude criterion with g = g_. 
, 
Reynolds criterion with same fluid used in models and 
prototype. 
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less than 0.08 percent of the ventilation flow rates but are 
modeled on the same design basis as the ventilation flow rates 
to preserve similarity. Ventilation flow rates were modeled 
on both the Fronde and Reynolds numbers criteria to permit 
evaluation of the previously indicated assumptions. 
After chromatograph standardization was completed, the 
aspirator line and the gas sampling probe were reconnected to 
the gas sampling system, and the model enclosure was charged 
with carbon dioxide. Table 20 summarizes the charging condi­
tions used for each enclosure. The objective was to obtain 
approximately the same initial carbon dioxide concentration 
for each test although this was found to be difficult to 
achieve. The range in concentrations for all tests was 8.38 
to 10.85 percent and the average was 9.56 percent. (Compare 
the range limits with Figure 3 taking as the average value.) 
Table 20. Enclosure charging conditions for carbon dioxide 
filling gas 
Enclosure 
designation 
Pressure 
psig. 
Flow rate 
cfm. 
On time 
min. 
Ml 10 40 5.0 
M2 10 5 5.0 
M3 10 5 1.5 
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The testing procedure from the initiation of charging a 
model to the end of a test was sequenced and timed with a 
stopwatch, and all events were repeated in the same order to 
obtain reproducibility. When charging was completed, a delay 
of five minutes ensued after which the timing circuit con­
trolling the gas sampling valve was turned on to repeatedly 
sample the enclosure atmosphere. During this time the 
ventilation system blower was running but not connected to the 
model and the filling tubes used for charging were still 
attached to the model. At seven minutes after charging, the 
blower was turned off to assure that its impeller was stopped 
when the blower was later connected to the model just prior to 
initiation of model ventilation. Slightly over 1-1/2 minutes 
were required for the impeller to come to rest, and at 9-1/2 
minutes after charging, the filling tubes were removed and the 
ventilation system was connected to the intake of the model. 
At the 10-minute mark, the fourth sample of gas had been taken 
from the enclosure by the gas sampling system and the blower 
was turned on to initiate model ventilation. The blower 
required only two seconds to come to operating speed, but the 
flowmeter floats took nearly five seconds to stabilize. 
Sampling of the enclosure atmosphere then continued until the 
detection limitations of the chromatograph had been reached. 
Flow rate fluctuations of varying magnitude were not 
uncommon during a test. In the ventilation system, the high 
capacity flowmeter normally indicated flow variations of 
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±0.1 cfm. at high flow rates and at low flow rates, variations 
of ±0.2 cfm. with higher momentary fluctuations occurring 
unpredictably. The low capacity flowmeter indicated flow 
variations of ±0.05 cfm. At the lowest flow rates employed 
in this study, back pressure on the exhaust outlet due to 
winds at the site caused detectable flow variations, even with 
the outlet located in a relatively protected location on the 
lee side of the building. Some of the variation in ventila­
tion system flow could be eliminated by either adding an 
automatic but quite expensive anti-surge valve on the intake 
of the blower or possibly by obtaining better control valves 
for the flowmeters. In this instance, the cost of such 
improvements did not seem justified. 
Flow rate variation in the gas sampling system ranged 
from approximately 10 to 30 percent, with the higher variation 
occurring sporadically at unpredictable intervals. The 
primary contribution to sample flow rate variation came from 
water pressure fluctuation at the aspirator. Pressure increase 
in the models during ventilation was so small as to be 
undetectable on a vertical water manometer except for the 
higher flow rates in Models M2 and M3 for tests based on the 
Reynolds criterion. The largest observed pressure drop across 
the model was approximately 0.10 inch of water corresponding 
to a pressure increase above atmospheric of 0.30 inch of water. 
In general, the mechanics of testing used in this study 
could be simplified by installing solenoid controlled valves 
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in the ventilation and gas charging systems to eliminate the 
manual hookup procedures required for each test. The 
standardization operation also could be simplified by using 
special valving. A chromatograph equipped with a detector 
that is less affected by water vapor would be advantageous; 
i.e., a thermal conductivity cell would probably be a good 
selection for studies of this type. 
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DISCUSSION OP RESULTS 
General 
All test data were transferred to punch card form for 
processing on an IBM 7074-1401 computer system. Pertinent 
processed data were programmed on the 7074-1401 for output on 
an IBM 1627 Model I digital incremental plotter. Thus, the 
computer was utilized to both process and tabulate test data, 
and to provide graphical readout of the results. This 
achieved a considerable savings of time in data reduction. A 
sample of recorded information for a typical test and the pre­
liminary processed results are illustrated in Appendix B. 
For Reynolds number calculations, the density of the 
ventilating air was evaluated from 
(81) p = 53.37(T +^459.6) lt).(m)/ft.3 
where p is in psia. and T is in °F. The dynamic viscosity of 
the air was calculated using the Sutherland formula (14) 
( 8 2 )  
_ 2.270 X 10-8  X  (T + 459 .6 )3 /2  x  115,826.4 Ib.(m)/ 
^ (T + 658.3) ft.-hr. 
Both Reynolds and Proude numbers were calculated for each 
test using velocity and length dimensions for the evaluations 
in the combinations indicated in Table 21. A complete listing 
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Table 21. Velocity and length dimension combinations for 
evaluation of Reynolds and Froude numbers 
Combination Velocity based on 
Length dimension 
employed (d) 
1 Inlet diameter Inlet diameter 
2 Inlet diameter Enclosure width 
3 Longitudinal cross-
sectional area of 
enclosure (perpendi­
cular to inlet axis) 
Enclosure width 
of the individual results for all tests is given in Appendix C. 
The test conditions for ventilation flow rates based on the 
Froude and Reynolds criteria are given in Table 22. The 
selection of the air change limits for the two different 
design criteria was based upon the capabilities of both the 
flowmeters and the chromatograph gas sampling system combina­
tion. The full useful range of the instrumentation was 
employed in these tests. 
On the basis of the theoretical relationship (expressed 
by Equation 37) between the concentration ratio and the air 
change number, the reduced experimental data were plotted on 
a semilogarithmic coordinate system using the Napierian base 
for the logarithmic scale (ordinate). (For order of magni­
tude orientation, e"^ is approximately 0.001.) The 
experimental data were subjected to individual and composite 
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Table 22. Test conditions for ventilation flow rates based on 
the Froude and Reynolds criteria 
Enclosure Air changes Ventilation Design Value of Fr 
set per hour rate, SCFM criterion or Re^ 
A - Ml 30.00 16.00 Prototype 0.863 X 10-5 
M2 42.42 2.83 Fr 0.864 X 10-5 
M3 51.96 1.03 Fr 0.869 X 10-5 
B - Ml 15.00 8.00 Prototype 0.216 X 10-5 
M2 21.21 1.41 Fr 0.214 X 10-5 
M3 25.98 0.51 Fr 0.213 X 10-5 
C - Ml 15.00 8.00 Prototype 0.384 X 103 
M2 60'. 00 4.00 Re 0.382 X 10 3 
M3 135.00 2.67 Re 0.381 X 103 
D - Ml 7.50 4.00 Prototype 0.192 X 10 3 
M2 30.00 2.00 Re 0.191 X 103 
M3 67.50 1.33 Re 0.190 X 103 
For combination 3, Table 21. See Appendix C for a 
complete listing of Fr and Re values for all three combina­
tions in each enclosure set. 
test analysis in various combinations to investigate model 
versus prototype, and enclosure set versus enclosure set 
results. The significant relationships follow. 
Composite Test Results 
Typical results from replicated tests on the three 
enclosures used in this study are shown in Figure 5. In this 
case, the data pertain to enclosure set A test conditions with 
each trio of plotted points representing the mean ±1 standard 
deviation for the composite results. Similar graphs were 
Figure 5. Enclosure set A test results showing mean ± 1 standard deviation 
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obtained for the data from the other enclosure sets. 
In general, the standard deviation magnitude increased as 
the air change number increased (i.e., concentration ratio 
decreasing). This was surmised to be due primarily to the 
facts that (1) as the concentration of carbon dioxide in the 
enclosure decreased and approached that of the ventilating 
air, it became significantly more important to know the pre­
cise carbon dioxide concentration in the ventilating air 
because of the concentration difference terms present in the 
definition of the concentration ratio; and (2) the decrease in 
sensitivity of the chromatograph at these low carbon dioxide 
concentrations in the terminal samples (because of the sample 
size utilized) resulted in recorder peaks that were difficult 
to read with accuracy. The sample size-sensitivity problem 
could be overcome by using two or more gas sampling valves 
connected in series, each having a total sample volume sized 
to provide proper sensitivity for a selected concentration 
range. The valves would need to be automatically switched 
into or out of the gas sampling circuit as the concentration 
range limits were reached during a test. For best results, 
the carbon dioxide concentration in the ventilating air should 
have been ascertained each time a sample from the enclosure 
was assessed, but because equipment was not available to 
accomplish this, the carbon dioxide concentration in the ven­
tilating air was assumed to be 0.04 percent (400 parts per 
million) and concentration ratios were evaluated on this basis. 
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Leakage of carbon dioxide into the laboratory atmosphere 
during the chromatograph standardization and enclosure charg­
ing operations, and carbon dioxide evolved from the operator 
over several hours of continuous testing in the small volume 
laboratory undoubtedly resulted in a variable concentration 
level in the ventilating air supply. 
If the carbon dioxide concentration in the ventilating 
air is underestimated, the graphical results become concave 
upward at the lower end of a response curve, and overestima-
tion causes an opposite effect. Based on the experience 
gained from these tests, conducted with the equipment as 
sized, arranged, and operated in this investigation, the 
results are considered to be most accurate for air change 
number magnitudes of 5 or less. The advantage of initiating 
ventilation tests from a relatively high initial enclosure 
carbon dioxide concentration level (average initial concen­
tration = 9.56 percent) was that the low carbon dioxide con­
centration in the ventilating air had a negligible effect on 
the magnitudes of the calculated concentration ratios for a 
considerable portion of each test. A simplification in test­
ing could be achieved by using a tracer gas that has a truly 
negligible concentration in the ventilation gas. For example, 
ordinary air contains only approximately 5 parts per million 
of helium which would then seem to be a satisfactory choice 
except that in this study the chromatograph carrier gas was a 
97 percent helium/3 percent methane mixture. It must also be 
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noted that variation in chromatograph sensitivity as a long 
series of samples was passed through the column and detector 
for a lengthy test could detrimentally influence the results 
at low values of the concentration ratio. 
Figures 6 ,  1 ,  8, and 9 present the composite test results 
for the four enclosure set test conditions designated in 
Table 22, with a model compared to the prototype in each case. 
Each point represents a mean value of In (CR) at a particular 
fixed value of the air change number. These graphs show that 
prototype-model response is remarkably similar irrespective of 
whether or not the Froude or Reynolds design criterion was 
employed. (N.B.; The mean values, standard deviations, and 
other data pertinent to the sets of model-prototype compari­
sons illustrated by Figures 6 through 9 are given in 
Appendix D.) 
The significance of the results inherent in the plots of 
Figures 6 through 9 are summarized in Figures 10 and 11 where 
fixed values of In (CR) are plotted against Froude number and 
Reynolds number, respectively, with the mean value of In (CR) 
± 1 standard deviation given in each case. Three things are 
indicated by these graphs. First, the horizontal (approxi­
mately zero slope) relationships between In (CR) and the 
Froude or Reynolds number on its respective graph for a given 
value of the air change number (Qt/v) indicates that the con­
centration ratio is independent of these dimensionless 
parameters. Second, the increase in magnitude of the standard 
Figure 6. Enclosure set A response comparisons for design based on the Froude 
criterion with 30 air changes per hour in the prototype 
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Figure 7. Enclosure set B response comparisons for design based on the Froude 
criterion with 15 air changes per hour in the prototype 
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Figure 8. Enclosure set C response comparisons for design based on the Reynolds 
criterion with 15 air changes per hour in the prototype 
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Figure 9. Enclosure set D response comparisons for design based on the Reynolds 
criterion with 7.5 air changes per hour in the prototype 
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Figure 10. Ln (CR) versus Froude number for fixed mean 
values of the air change number ± 1 standard 
deviation, from tests on enclosure Ml (see 
combination 3, Table 21) 
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FROUDE NO. BASED ON CROSS SECTION, X 10 
Figure 11. Ln (CR) versus Reynolds number for fixed mean 
values of the air change number ±1 standard 
deviation, from tests on enclosure Ml (see 
combination 3, Table 21) 
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REYNOLDS NO. BASED ON CROSS SECTION, X 10^ 
Figure 12. Response envelope for all tests for air change 
number magnitudes of less than 5 
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EXPERIMENTAL 
THEORETICAL 
AIR CHANGE NUMBER, QT/V 
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deviation with increasing Qt/v is apparent. Third, the 
inability to accurately ascertain the carbon dioxide concen­
tration in the ventilating air at each sample interval during 
a test, and the possibility of alteration in chromatograph 
sensitivity for tests of long duration (e.g., 60 minutes) is 
suggested by the relatively large increase in the magnitude of 
the standard deviation for Qt/v values of 5 and greater. For 
the latter- (decreasing sensitivity) effect, it is noted that 
not only does the standard deviation increase with decreasing 
Froude or Reynolds number for fixed values of Qt/v of 5 or 
greater, but the decrease in In (CR) values increases as the 
Froude and Reynolds number decreases (i.e., the tests require 
more time and the possibility for a change in chromatograph 
sensitivity increases). This explanation for the marked varia­
tion in the relationships for Qt/v values of 5 and greater is 
proffered rather than an interpretation that the Reynolds and/ 
or Froude number exert significance at small magnitudes of the 
respective numbers. Equipment and sampling improvements as 
previously described are necessary to test this hypothesis 
fully. 
If the data for values of Qt/v less than 5 are accepted 
to represent a region of acceptable accuracy, then the proto­
type and model response envelope for all the tests conducted 
according to the conditions presented in Table 22 becomes that 
illustrated by Figure 12, where mean values of In (CR) are 
plotted against the air change number. This result was 
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obtained from the data illustrated by Figures 6 through 9. 
Taking Qt/v = 4.5 as a limiting value, the corresponding mean 
value of the concentration ratio from this plot is approxi­
mately 0.084; i.e., the concentration ratio has been reduced 
to only 8.4 percent of its value of unity at Qt/v = 0. From 
this it is concluded that the vast majority of the ventilation-
dilution phenomenon has been completed by the time the air 
change number reaches a magnitude of 4.5. The theoretical 
derivation (Equation 37) predicts that the concentration ratio 
will be reduced to 1.1 percent at Qt/v = 4.5. Thus, there is 
a discrepancy of about 760 percent between the theoretical and 
experimental results at this point. 
With both the Reynolds and Froude numbers eliminated from 
the previously established list of possibly significant vari­
ables, the prediction of concentration ratio change seems to 
depend only upon the pi terms expressed in Equation 81 (see 
Table 16 for a listing of the pi term variables). 
(81) III ~ f ' ' ' (^2 » ^ 3f n 5 ,116 , II7 ,119 , Ilg ,IIm) 
The primary dependency is apparently one of system geometry. 
Furthermore, if a velocity or flow rate scale is arbitrarily 
selected, then the time scale is fixed by the air change 
number, or vice versa; e.g., from the air change number 
(82) 4 ° ^ ^ 
Since the Froude and Reynolds numbers do not significantly 
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influence the ventilation-dilution phenomenon (taking into 
consideration that the validity of this statement extends only 
over the ranges of these numbers utilized in this investiga­
tion) , the use of these variables independently (i.e., not 
simultaneously satisfying both the Froude and Reynolds numbers 
for the test conditions given in Table 22) merely established 
time and flow rate scales pertinent to Equation 82. For 
example, a design based on the Reynolds criterion used herein 
established the flow rate scale 
f = s 
which, when substituted into Equation 82, fixed the time scale 
as 
(84) = nZ (Reynolds result) 
m 
The Froude criterion gave 
Q -I 
(85) -
Q n5/2 
which fixed the time scale as 
(86) ^ = ni/2 (Froude result) 
m 
Of course, other time and flowrate scales can be used in the 
air change number, as the relationship of Equation 82 
indicates. 
Finally, the homology between the number of air changes 
per unit time ([AC] = [Q/v]) in model and prototype systems, 
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based on the air change number but using the time scales of 
Equations 84 and 86, becomes 
(87) (AC)^ = f (AC) 
m 
(88) (AC)^ = n^ (AC)p (Reynolds basis) 
(90) (AC)^^ = ni/2 (AC)p (Froude basis) 
and so the model air change rate is less if design is made on 
the Froude basis rather than on the Reynolds basis. In the 
author's opinion, it is advisable to operate under a low 
magnitude time scale, such as that obtained herein from the 
Froude criterion, because the concentration change phenomenon 
proceeds more slowly and it is less difficult to design 
instrumentation to sample an enclosure atmosphere to follow 
this change where continual sampling is accomplished with 
concurrent chromatographic analysis. The effect of time 
scales of unity and less than unity on performance were not 
investigated but offer interesting possibilities for further 
investigation. One disadvantage of an air change rate design 
made on the Reynolds basis is that the internal pressure and 
pressure drop across the model can become relatively high 
(compared with a design made on the Froude basis) and increase 
demands on air delivery equipment and model construction (to 
prevent leaks and withstand the distributed forces). 
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SUMMARIZATION 
For the enclosure geometry employed in this investigation, 
neither the Froude number nor the Reynolds number appears to 
influence the ventilation-dilution phenomenon for the respec­
tive ranges of these numbers covered in the tests. Within 
these restrictions, model design and operation can apparently 
be based on geometry and the air change number. The air 
change number is the dimensionless variable in this study 
symbolically defined as Qt/v, where Q stands for the flow rate 
of the ventilation fluid, t is the time after ventilation is 
initiated when the concentration of a gas species in the 
enclosure atmosphere is ascertained, and v is the volume of 
the enclosure. 
Because of possible limitations in the response time of 
currently available equipment, it is more convenient to 
operate model systems on the basis of the air change number 
using low magnitude time scales so that gas concentration 
changes occur slowly enough to permit the chromatograph to 
follow the event accurately. 
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SUGGESTIONS FOR FURTHER RESEARCH 
The ultimate goal of the work initiated here is to use 
models to investigate complete environmental systems and 
thereby obtain design and operating data which assure optimum 
prototype system performance. However, on the basis of 
progress to date, the next immediate step would be to deter­
mine concentration change profiles for the enclosure systems 
used in this study. Then, structural features typical of 
production systems could be added to the enclosures to deter­
mine their effect on the ventilation-dilution phenomenon. 
Finally, biological features could be at least physically 
modeled and incorporated to establish their probable influence 
on system performance. 
In other studies, geometry changes could be made to 
investigate the effect of structural shape and component 
arrangement on ventilation system performance. Also, the 
Relative System Efficiency values discussed previously in this 
dissertation could be evaluated to permit intersystem compari­
sons to be made. 
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APPENDIX A 
154 
Characteristic Equation for Mass Transfer 
A general relationship for mass transfer in a system can 
be obtained from the expression of the law of conservation of 
mass in the form 
Time rate of Rate of Rate of 
(A-1) change of mass gain - removal 
in system of mass of mass 
If the system under investigation is composed of a rectangular 
volume element dxdydz fixed in space in rectangular coordin­
ates, and through which a mixture of gases flows containing a 
species, i, of interest, the second and third terms in 
Equation A-1 above can be interpreted to include both the 
rates of mass gain and loss for species i across the six 
boundary surfaces and the rates of mass production and removal 
for species i due to reactions within the volume element 
itself. The rates of mass production and/or removal may be 
intimately associated with a particular process, such as a 
chemical reaction, within the elemental volume. This can be 
demonstrated by considering, for example, the production of 
carbon dioxide within a system by combustion according to the 
reaction C + O2 = CO2. For the sake of this illustration, 
carbon dioxide is considered the species of special interest, 
i, in the mixture (50) . A chemical reaction of the type 
exemplified above serves to illustrate that mass can be con­
sidered conserved in such an instance but moles cannot. 
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A system may also then be classified according to whether 
it is "reacting" or "non-reacting" with relationship to a 
particular internal process (9). Furthermore, if it is a 
reacting system in the general sense, then the reactions may 
be classified as being either of a homogeneous nature wherein 
the change takes place throughout the whole volume of the 
system, or heterogeneous with the assumed change taking place 
solely in a restricted region or regions of the system. For 
a homogeneous reaction, the rate of production of a species 
produced from the reaction appears as a source term in the 
mass balance equation, whereas the rate of production by a 
heterogeneous reaction does not appear in the equation itself, 
but rather in the boundary condition for the surface on which 
the reaction is assumed to take place. 
Reactions in typical agricultural production systems are 
most likely to be of a heterogeneous nature at "start-up" of 
the system (i.e., when animals, crops or other materials are 
first admitted to the system). However, the reaction products 
produced at the animal, crop, or other "boundary surfaces" may 
produce more or less homogeneous reactions at a later time 
when environmental conditions change due to a build-up of the 
products of respiration and decay (e.g., ammpnia), or con­
taminants periodically introduced into the environmental 
atmosphere through the normal course of system operation. 
Within the system's atmosphere the mass transport of a 
particular species of gas may occur due to 
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(a) bulk flow of the fluid mixture containing the 
species of interest (including forced and free con­
vection, and turbulent mass transfer caused by 
eddies within the fluid); and upon which may also 
be superimposed mass transfer of the same gas 
species due to 
(b) ordinary diffusion caused by a concentration 
gradient, 
(c) thermal diffusion caused by a temperature gradient, 
(d) pressure diffusion caused by a pressure gradient, 
(e) forced diffusion caused by external forces acting 
unequally on the different species in the mixture. 
The effects of thermal diffusion and pressure diffusion 
reportedly are not great because steep gradients are generally 
required for them to become significant; however, complex 
mathematical relationships are available describing these 
phenomena (8, 9, 28). If gravity (versus, for example, an 
electromagnetic field acting on an ionized gas mixture) is the 
only external force acting on the system, then forced diffu­
sion is identically zero because the gravity force vector acts 
equally on all species of the mixture and no force difference 
occurs to cause diffusion by this mechanism. Ordinary 
diffusion, pressure diffusion, and forced diffusion are con­
sidered to be the result of "mechanical driving forces" 
(gradients) (9, 40, 43, 44). 
One can surmise that diffusion due to steep thermal, 
pressure, and force gradients in typical agricultural produc­
tion system atmospheres are either negligible or identically 
zero, with bulk flow of the fluid mixture and ordinary 
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(concentration dependent) diffusion contributing the most to 
the mass concentration of a particular gas species at a fixed 
point within the system. 
The flow of the particular gas species, i, through a 
fixed volume element in a production unit atmosphere can be 
expressed in terms of the mass fluxes, p^V^, grams/cm^-sec. 
(M/L^T), directed perpendicularly to the volume element's 
boundary surfaces. 
If Equation A-1 is applied to the flow in all three 
coordinate directions and a homogeneous reaction is assumed to 
occur at a rate, r^, grams/cm^-sec. (M/L^T), within the volume 
element for the general case, there results 
9p. 
(A-2) g^-dxdydz = dydz -
+ (p.V.) dxdz -
a(PiV.) 
3(PiV.) " 
X l'y l'y 9y 
+ dxdy -
3(PiV.) 
dydz 
dxdz 
dxdy 
+ r^ dxdydz 
After the indicated subtractions and division by dxdydz are 
performed. Equation A-2 reduces to 
9Pi :(PiV,| 8(p.V.) 3(p.V.) 
'^-3' 3t^ = - —^
Equation A-3 is the equation of continuity for species i in 
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the mixture. The parenthetical terms in the numerators of the 
partial derivatives on the right hand side of Equation A-3 are 
the components of a mass flux vector pEquation A-3 
rewritten in vector notation is 
3 p . 
(A-4) ^ - [v.*(p^v^)] + r^ 
where the underscore here denotes a vector quantity (58, 92). 
Likewise, the equation of continuity for any other species, s, 
in the mixture is given by 
(A-5) ^ 
Summation of the equations of continuity for all the compon­
ents in the multi-component system yields the equation of 
continuity for the mixture 
(A-6) It " " [V'(PV)] 
wherein it has been assumed for the mass fluxes that 
(A-7) PiYi + p 2^2 + ••• + + ••• PgVg = pV 
and the homogeneous reaction is carried out such that the con­
servation of mass for the reaction itself occurs according to 
the relationship 
(A-8) ri + r? + ••• + r. + ••• r = 0 1 ^ 1 s 
(i.e., the disappearance (negative r value) of one species 
results in the formation (positive r value) of another species 
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via the reaction) (9). 
Equations A-2 through A-5 can also be expressed in terms 
of moles by a substitution of the molar flux, c^V^, moles/ 
cm^-sec (moles/L^T), for the mass flux according to the 
relationship 
(A-9) C.V. =^V. 
where c^ is the molar concentration of species i in the mix­
ture and its molecular weight. Equations A-4 and A-5 then 
become, respectively 
(A-IO) ^ = - [7. (C.V.)) 
(A-11) ^ = - IVlCgVg,] 
S 
The equations of continuity for species i and any species s of 
the mixture are thus expressed in terms of molar units. The 
equation of continuity of the mixture is obtained by summation 
of the respective equations for all the components where 
(A-12) CiVi + CoVo + ••• C.V. + ••• c V = cV ; 
— — 1—1 s—s — 
but, as the illustration for a simple combustion reaction 
demonstrated previously, an equation for molar conservation 
similar to Equation A-8 for mass conservation in the reaction 
cannot be written because moles are not necessarily conserved 
and the number of moles of species disappearing in the reaction 
do not necessarily equal the number of moles of other species 
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being formed. Consequently, the rate-of-molar-production 
terms is simply entered as a sum for the reaction 
ri rz r. r 
% + % + + K ir " 
^ X s 
The equation of continuity for the mixture thus becomes 
(A-14) I? = - [9'(cV)] + R 
O t "** lu 
Equation A-10 can also be expressed in terms of the mole 
fraction, X^, of species i by dividing by the molar density, 
c, of the mixture where 
Ci c. 
(A-15) X. = T = -A 
1 Ci + Co + ••• c. + ••• c c 
^ ^ 1 s 
and is in units of moles of species i per mole of mixture. 
The result is 
(A-16) ^ = - [V(X.V.)1 + ^  
For a mixture of gases, the partial molal volume of a 
particular species can be defined as the volume the species 
would occupy at the same total pressure and temperature as the 
mixture. Thus, if n^^ is the number of moles of species i at a 
pressure p and absolute temperature T, and n^ is the number of 
moles of the mixture at the same conditions of pressure and 
temperature, then from the general gas law (17) 
pv. 
(A-17) n. = gji 
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and 
pv 
Dividing Equation A-17 by Equation A-18, one obtains 
n .  V. 
(A-19) ^ ^ 
m m 
If the left side of Equation A-19 is now divided by unity 
expressed as the total volume, v^, occupied by the mixture. 
there results 
^i 
V C. V. 
(a-20) ^ ^ = X, 
m m 
^m 
which indicates that, for gases, the mole fraction of a 
species is equivalent to the volume fraction for the same 
species. Therefore, Equation A-16 also expresses the rate of 
change of the volume fraction as well as the mole fraction for 
a particular gas species in a multicomponent mixture. The 
^i^i component terms, directed along the fixed rectangular 
coordinate axes, that result from an expansion of the diverg­
ence term in Equation A-16 can be interpreted to be both mole 
fraction fluxes and volume fraction fluxes for gas species i, 
with the equation thus relating the rate of change of the mole 
fraction or volume fraction with time at a fixed point in the 
rectangular coordinate system. 
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Characteristic Equation for Energy Transfer 
A general relationship for energy transfer of a system 
can be obtained from the expression of the law of conservation 
of energy in the form 
(A-21) Time rate of 
change of internal 
energy 
Time rate of 
change of 
kinetic energy 
Rate of gain 
of internal and 
kinetic energy 
by convection 
Rate of removal 
of internal and 
kinetic energy 
by convection 
Net rate of 
heat accumulation 
by conduction 
Net rate of 
work done by system 
on surroundings 
Net rate of heat 
accumulation by 
other mechanisms 
The last term in Equation A-21 is considered here to be negli­
gible because energy accumulation due to nuclear, 
electromagnetic, and thermal radiation effects, and chemical 
reactions are either negligible or identically zero for the 
system under investigation. Likewise, for an elemental volume 
of gas in a typical production unit atmosphere it would be 
expected that heat transfer by conduction through the elemental 
volume would be negligible compared with convective effects. 
The term for the work done by the system on its 
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surroundings can be considered to consist of both work done 
against gravity, and the work expended against pressure and 
viscous forces acting at the fluid element's surfaces. If 
the net potential energy for the fixed volume element is con­
sidered constant, then there is no resultant work done against 
the gravitational force. In addition, for gases at low 
pressures, temperatures, and densities, viscous dissipative 
effects can be neglected (9). The assumption here of a 
frictionless gas permits a decided simplification of the 
expression for the work done on the surroundings because it 
eliminates a second order (nine component) tensor from the 
analysis. The rate of doing work against the static pressure, 
p, acting on the surfaces of volume element dxdydz fixed in 
space in rectangular coordinates is 
(A-22) Wp pV^dydz - (pV^ + dydz 
3PV 
+ pV„dxdz - (pV„ + . ^dy) dxdz y y oy 
3PV„ 
+ pVgdxdy - (pVg + —g-g-dz) dxdy 
where the extraparenthetical minus sign accounts for the con­
ditions where the pressure forces and the velocity vectors are 
oppositely directed relative to the positive coordinate system 
directions. Equation A-22 reduces to 
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(A-23) W 
3^ 
3x 
âpV 
3y 3z ' dxdydz 
The basic definition utilized to obtain the flow work W^, is 
that the rate of doing work is equal to the product of a force 
and the velocity component in the direction of the force. 
The net rate of transfer of internal and kinetic energy 
by convection can be found by considering the change in the 
sum of the internal and kinetic energies for each coordinate. 
If U is the internal energy per unit mass of fluid in volume 
element dxdydz, V the magnitude of the local fluid velocity, 
and p the mass concentration of the volume element, then the 
summation of the resultant energy transfer rates, across 
the boundaries of the volume element is 
(A-24) 
= V^^pU + ^ ^jdydz 
Vy^pU + ^ jdxdz 
V 
3V^(pn + £|i) • 
+ dx 
3x 
dydz 
+ £21] + 
3y 
dxdz 
(pn + dxdy - . « dz dxdy 
which reduces to 
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(A-25) 
^ik 
pvM pyz \ 3 V / p U  +  ^  3V , | p O  +  2 
:  L  +  *  L  +  .  
3x ay 3z 
dxdydz 
Finally, the time rate of change of internal and kinetic 
energy, E^, for the total volume dxdydz is given by 
(A-26) E, 
.(po + ef) 
3t Gxdydz 
The equivalency of heat energy and mechanical energy, or work, 
rests in the conversion constant 
(A-27) J = 778.16 ft.-lb./BTU 
and the energy forms related in the prior equations are 
directly interconvertible, the appropriate application of the 
conversion constant being implied in the writing of the 
equations (17). 
The terms relating to Equation A-21 that are contributive 
thus express the conservation of energy for the volume element 
as 
(A-28) 
= ®ik - "p 
which, upon substitution of the pertinent expressions obtained 
above and division by the total volume dxdydz, yields 
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(A-29) 
(pu + 2|î) 
3t 
av^(pU + ^ ) 3Vy(pu + 
9y dX 
3V^(pO + g|!.) 
dZ 
dpv 3pV 9pv 
± + 1 + ± 
3x 3y 3z 
In terms of vector notation, Equation A-29 becomes 
(A-30) 
\T2 
3p (U + —^ ) 
9t 
\j2. 
- [V'pV(U + ^)] - (7'pV) 
where the first term represents the rate of gain of energy per 
unit volume, and the second and third terms respectively 
represent the rate per unit volume of energy input by convec­
tion and the rate per unit volume of work done on the fluid by 
the pressure forces. 
Characteristic Equation for Momentum Transfer 
A general relationship for momentum transfer of a system 
can be obtained from the expression of conservation of 
momentum in the form 
(A-31) 
Time rate of 
change of momentum 
in system 
Rate of gain 
of momentum 
by convection 
Rate of loss 
of momentum 
by convection 
Summation 
of 
external 
forces on 
system 
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The application of Newton's second law to moving fluid masses 
requires that the inertial force in each coordinate direction 
be evaluated and then equated to the external forces (field 
forces, normal forces, shear forces) acting on the fluid (9). 
For a volume element fixed in rectangular coordinate space, 
assuming external field forces (e.g., gravity and electro­
static forces) to be negligible or identically zero and 
assuming an inviscid (i.e., frictionless) fluid, the external 
forces of importance become those caused by the fluid pressure, 
p, acting on the element's surfaces. Thus, the summation of 
all the external forces becomes 
(A-32) F = pdydz - (p + dx)dydz + pdxdz 
P  o X  
- (P + 1^ dy)dxdz + pdxdy " (P + |^ dz) dxdy 
which reduces to 
(A-33) Fp = - |£+ lljaxdydz 
and in vector notation becomes 
(A-34) Ep ~ ~ (Vp)dxdydz 
The rates of gain and loss of momentum by convection 
(i.e., due to bulk flow of the fluid) have contributions from 
all three coordinate directions acting on all six faces of the 
element. Thus, for the x- component of momentum, the net rate 
of transfer for the volume element is given by 
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(A-35) \ = pV^V^dydz - 3pV_V dydz 
+ pVyV^dxdz 
3 p V V  
"Vx + dxdz 
+ pV^V^dxdy 
apV-V-
pVzVx + --si-Sa: dxdy 
which reduces to 
(A-36) = 
3'VxVx + apVyV* + apVzVx 
ax 3y 9z dxdydz 
Similar expressions obtain for and The net rate of 
momentum transfer, M, for the element for all three momentum 
components is given by 
(A-37) M = M + M + M 
X y z 
or, in dyadic notation 
(A-38) M = - (V'pW)dxdydz 
where V V is called the convective momentum flux and is formed 
from the "dyadic product" of pV and V, having nine components 
(pV V , pV V , pV V ; pV V , etc.) as indicated partially by 
a x  y  A  4Ù A  y  
Equation A-36 (9, 66, 80). 
The time rate of change, or rate of accumulation, of 
momentum is equal to the sum of the contributions from all 
three coordinate directed momentums. Under this principle. 
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the application of results from Equations A-34 and A-38 to 
Equation A-31 results in 
3pV 9pV 3pV 
(A-39) -g-g— dxdydz + dxdydz + -yg— dxdydz 
= - (Vp) dxdydz - (V-pV V) dxdydz 
Division by dxdydz and expression of the component form of the 
resultant flux vector on the left side of Equation A-39 in 
vector notation gives 
3pV 
(A-40)  ^  = -  (?'pV V)  -  7p 
where the first term now represents the rate of increase of 
momentum per unit volume, the second term represents the rate 
of gain of momentum by convection per unit volume, and the 
third term stands for the pressure force on the element per 
unit volume. Unlike Equations A-6 and A-30 which are both 
scalar quantities describing the rate of change of mass and 
energy, respectively, Equation A-40 describes the rate of 
change of momentum, a vector quantity. 
Alternate Forms of the Equations of Energy, 
Continuity, and Momentum (Motion) 
The energy equation, as expressed by the form shown in 
Equation A-30, may be expanded by performing the indicated 
differentiations of the left hand term and the first term on 
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the right hand side as follows 
(A-41) 
. Ç, It 
w2 
- pV'V(U + 
- (U + ^ ) (7«pV) - V'PV 
Rearrangement of the terms in Equation A-41 yields 
(A-42) 
\r2 
+ T ' v2 
^ + V.7(U + 
+ & lif. + 9. - - (U ^ )  ( j j pV) - V'pV 
However, from Equation A-6, the continuity equation. 
(A-43) |£ = - 9.pV 
Thus, the first term on the right hand side of Equation A-42 
is zero. Also, the left hand side of Equation A-42 is the 
local fluid density, p, multiplied by the substantial deriva-
tive of the scalar energy term (U + -^) , where the substantial 
derivative operator is defined as 
(A-44) ^ (V-V) 
at ^y3y "*• ^z3z 
and V is the local fluid velocity, or the mass average fluid 
velocity for multi-component mixtures (9). By application of 
these results to Equation A-42, one obtains 
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D(U + ^ ) 
(A-45) p = - 7'pV 
V2 
The mechanical energy term, can be eliminated from 
Equation A-45 with the aid of the momentum equation. First, 
the left hand side of Equation A-40 is differentiated to 
obtain 
3V 
(A-46) p-^ + V|| = - 7.pV V - 9p 
whereupon substitution from Equation A-43 gives 
9V 
(A-47) - V(V'pV) = - V'pV V - Vp d "C — — — — 
Then, by a substitution of the identities 
(A-48) V(V'pV) = V(Vp'V) + V(p7«V) 
and 
(A-49) 7*pV V = V(Vp«V) + V(pV'V) + pV'VV 
into Equation A-47, it reduces to 
3V 
(A-50) p-^ = - pV'VV - Vp 
which can be rearranged to give 
3V 
(A-51) + V'VV) = - 7p 
0 U — — 
However, according to the definition of Equation A-44, the 
172 
left hand side of Equation A-51 is just the substantial 
derivative of V multiplied by the local fluid density, p, and 
can be rewritten as 
DV 
(A-52) PDt " - VP 
which gives a new form for the momentum equation. 
Now, for any two vectors A and B, 
D(A'B) DB DA 
(A-531 -DF- = a/Bt + :'Dt 
Thus, if B equals A, 
(A-54) A'B = A'A = |A| |A| COS(O) = A? 
and, so Equation A-53 becomes 
2 DA DA DA 
(A-55) 5^ = a-st + à-ôt = 2è-5t 
which can be rearranged to give 
a2 
DA D(%-) 
(A-56) K- - ^ 
Dt Dt 
Therefore, if the dot product of the local fluid velocity, V, 
is formed with Equation A-52 
DV 
(A-57) -*Dt ~ ~ 
and application of the general results expressed by Equation 
A-56 gives 
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n &  
(A- 58) •^Hot— ~ " Y'VP 
which is an expression for the mechanical energy component in 
the energy equation. 
Subtraction of Equation A-58 from the combined energy 
relationship expressed by Equation A-45 gives a result 
expressed in terms of the internal energy, U, 
(A-59) = - V'pV + V'Vp 
and, expanding the first term on the right hand side 
(A-60) = - p(7*V) - V'Vp + V'Vp 
(A-61) pg^ = - p(V'V) 
Similarly, the characteristic equation for mass transfer 
(Equations A-4, A-10, and A-16 for gas species i) can be 
transformed as follows. If Equation A-16, with r^^ assumed 
equal to zero, is used for a typical agricultural production 
unit atmosphere, 
3X. 
(A-62) âf = -
The right hand term can be expanded and rearranged to give 
3X. 
(A-63) l+v.-VX. = -X.(7-V.) 
dt —1 1 1 —1 
which, with the aid of the substantial derivative definition 
of Equation A-44 becomes 
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DX 
{A-64) ^ = - X^{V-V^) 
Equation A-61 can also be arranged as 
(A-65) ^ = - E(V-V) 
ut p — 
and, assuming a perfect thermodynamic gas, the internal energy, 
U, can be expressed as a function of the absolute temperature, 
0, according to the relationship 
(A-66) dU = (|f)^d0 
where, by definition (17), 
= 'H'v 
giving, therefore, 
(A-68) dU = Cyde 
For a perfect gas, is theoretically constant; however, for 
real gases approaching the perfect gas relationship, can be 
taken as a mean value over the working range or evaluated at a 
specific temperature if the variational relationship of 
with temperature is known for the gas employed. With this in 
mind, substituting Equation A-68 into Equation A-65 yields, 
(A-69) C^gl = - E(V.V) 
From the general gas law. 
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(A-70) P' = = P'w' ' I  '  
where v is the specific volume (L^/M), and W the specific 
weight (F/L^) for the gas, and g is the gravitational constant 
(L/T^). This result substituted into Equation A-69 gives, for 
R/C^ constant for any particular gas. 
(A-71) = - I^(V-V) = - e(V-~V) 
s ~ Cy-
which is seen to be of the same form as Equation A-64, 
repeated below for comparison. 
(A-72) 
DX. 
dT = -
When the shorthand vector notation is abandoned, Equations 
A-71 and A-72 become, respectively, 
If ^ \ Ifc " \ If ^ If 
m m ^ ^m m 
M 
Cv 
5: + + fiz 
axm 
176 
The momentum equation forms obtained previously are 
DV 
(A-75) = - i('P) 
3V 9V 3V 3V 
(A-76' 3t + S; + Vy 3? + âi 
= . iflE + iE + Ml 
p l_3x By 3zJ 
Equations A-71, A-72, and A-75 for thermal energy, 
continuity, and momentum (motion) respectively, and their 
equivalent forms in Equations A-73, A-74, and A-76, express 
the characteristics of a system in terms of the generally 
suitable parameters of temperature, 0; concentration, X^; 
pressure, p; and velocity, V, as far as experimentally 
measurable variables are concerned, and also bring into 
evidence a similarity of form between the equations of thermal 
energy and continuity for the illustrations presented. 
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APPENDIX B 
Figure 13. Recorded information for a typical test 
Top: Operating conditions 
Bottom: Recorder output 
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TÏPICAL TEST DATA 
TcaC number: 
Enclosure: 
Vencildtlon rate design: 
Barometric pccisure: 
Pressure drop across model : 
Inlet pressure above attsos. 
Inlet duct air pressure: 
Inlet sir temperature: 
Rotometer sizing factor: 
Desired ventilation rate: 
> Corrected Rotometer reading: 7.67SCFM 
S maple gas flowseter setting: 148 ss 
. Prototype basis 90 cc/oin 
. Froude criterion Sampling cycle tine: 
. Reynolds criterion Sampling valve open tlae; 
28.93 In. Hg. 
appro*. 0 
approx. 0 
28.93 In. Hg. 
79T 
1.043 
15 air changes/hr. 
6.00 sen 
Sample loop size: 
Probe diameter: 
Detector temperature: 
Column temperature: 
Carrier gas flov rate: 
CO^ peak elutlon tlae: 
Recorder chart speed: 
CO, cbATfttes ce&dltloas: 
5  a e c s .  
0.25 ml. 
1 / 4  i n .  
150*0 
33'C 
60 ml,/mln. 
40 io./hr. 
40 CFH, i B i n . ,  1 0  p e f l o *  
4 
"(I "c  ^ i  t  ^  f  ^  
a 
X 
f .  4 
JuUi 
1 % * ^ 3 
THT MJ. «-Af/ 
\ 
Figure 14. Preliminary processed data for a typical test 
Left: Computer output 
Right: Digital incremental plotter output 
i s u  C O M P U T A T I O N  C E N T E R .  A M £ S .  I O W A  
SlHtLirUDE STUDY OF VËNTILKTF.D ENCLOSURE C O H P O T B B  
PRESS « 2ê.93 
TEMP • 79,0 
HIOTH " 48.0 
COCAL « )B.2 
VQLUM • 32.000 
TÊSÎ WJMBER I ! : ' — 
ABSULUir PRESSUAg, INCHES OF HC 
AtR lEHPERATUtE. IpEG. F I 
AIR FLOli RATE. CI7H 
AIR INljBT OlAMEreH. INCHES 
ENCLOSURE WIDTH, 
CALIBRATION CONCE 
CNART ATTENUATION 
VOLUME OF ENCLOSII 
LENGTH SCALE 
STANUARO CAS CON( 
! ; Inches , 
NTRATION. CHART LINES 
FACTOR fd# COCAL 
IE. CUBIC 'FEET | < 
M S . 3 T T  ( C f t d s s  S t C T  i o i x n , } ,  U l 2 y ^ . l  I K t O T M ) .  
' 0.44»T47:2E-0l liB.INI/FT.-NR. 
AIR DENSITY " 0.fI20S7B3E>at LB.INi/CU. FT. 
KINEMATIC VISCOSITY > 0.62601606E OQ SO. FT./HR. 
FROUDc NUMBERS > «.060 tOIAM.). 0.253 (WIDTH*, 0.2IS666E-05 (CROSS SECT. 
INPUT DATA 
PEAK HEIGHT P C t .  
9. 11 
SELECTED VARIABLE LIST 
3.000 
3.900 
4.000 
slooo 
9.500 
D I G I T A L  I N C R E M E N T A L  
P L O T T E R  G R A P H  
TEST NO. 5G-M1 .00 SCFfl PROTOTYPE 
l i J  '  
0 . 0  
A I R  C H A N G E  N U M B E R ,  D T / V  
i 
182 
APPENDIX C 
Figure 15. Composite listing of Froude and Reynolds numbers 
for tests based on the Froude criterion 
Top: Enclosure set A test conditions 
(see Table 22) 
Bottom; Enclosure set B test conditions 
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Figure 16. Composite listing of Froude and Reynolds numbers 
for tests based on the Reynolds criterion 
Top: Enclosure set C test conditions 
(see Table 22) 
Bottom: Enclosure set D test conditions 
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t e s t s  b a s e d  o n  r e  y .  m o l d s  c r i t e r i o n  
CCNPGSITE LISTING OF REYNOLDS AND FRCUDG NUMBERS 
REYNOLDS NUMBERS BASED CN FRCUCE NUMBERS BASED CN 
OIAN 
• 
MICTH CROSS SECT. DIAM. hIDTH CROSS SECT. TEST N SCFK 
5674 .2 131575 4 0. 364374E 03 5. 860 C. 253 0 .215666E-05 47 8 .CO 
5676 .2 131620 9 0. 384507E 03 5. 860 0. 253 0 .215666E-05 48 8 .00 
5676 .2 131620 9 0. 3845C7E 03 5. 860 0. 253 0 .215666E-05 49 8 • CO 
563Ç .0 130758 9 0. 3fil9£e6 03 5. 860 0. 253 G .215666E-05 50 8 .00 
5676 .2 131620 9 0. 3A45C7k 03 5. 860 c.  253 0 .215666E-05 51 8 .00 
5675 .1 131597 0 0. 3844 Î7f; 03 5, P6C C. 253 0 .215666E-05 52 8 .CO 
5607 .9 131093 9 0. 3853C4f- 03 5. 860 0. 253 G .2156666-05 53 8 .00 
5686 .0 131848 4 0. 3851716 0 3 5. SbC 0. 253 0 ,2156666-05 54 B .00 
5669 .4 131324 B 0. 383642c 03 5. U6C 0. 253 G .215666E-Û5 55 8 .CO 
5659 .5 1312Î4 I 0. 383377e 03 5. P6C 0. 253 0 .215666E-05 56 8 .CO 
5678 .1 13 1666. 4 0. 38464CÊ 03 5. PôC 0. 253 0 .2156666-05 57 8 .00 
5554 .6 126961. 7 0. 381724E 03 43. 625 1. 909 c .1/25336-04 76 4 .00 
5552 .7 126917 P U. 3815926 03 43. 625 1. 909 c .  1 72533E-04 77 2 4 .00 
5570 .9 127335 n 0. 382847E 03 43. 625 1. 9C9 0 .1725336-04 78 4 .00 
5570 .9 127335 0 0. 382647e 03 43. 625 1. 909 C .1725336-04 79 2 4 • 00 
555C .7 126873 9 0. 38146CE 03 43. 625 l .  909 0 .  1725336-04 80 2 4 .00 
5550 .7 126873 9 0. 3814606 03 43. 625 1. 909 C .172533E-04 81 2 4 •  00 
5628 .2 1305C9. 5 0. 381319e 03 158. 615 6. 840 0 .583937E-04 ICI 2 .67 
5628 .2 1305C9. 5 0. 3813191' 03 158. 615 6. 840 0 .5839376-04 102 2 .67 
5620 .2 1305C9, 5 0. 381319e 03 158. 615 6. 84C 0 .5839376-04 IC3 3 2 .67 
5628 .2 1305C9. 5 0. 3fll319h 03 158. 615 6. 840 0 5839376-04 104 2 .67 
5630 .2 130555, 0 0. 381453e 03 158. 615 6* 840 0 .5839376-04 105 3 ? .67 
5632 .2 1306CC 6 0. 3815H6C 03 158. 615 6. 840 0 .58 39376-04 106 2 .67 
0 .0 0 0 0. oococce 00 C. roc C. oon C .0000006 OC 0 0 0 .00 
COMPOSITE LISTING OF REYNCLOS AND FRCUCE NUMBERS 
REYNOLDS NUMBERS BASED ON FROUDE NUMBERS BASED ON 
DIAM 
• 
WIDTH CROSS SECT. DIAM. WIDTH CROSS SECT. TEST N SOFM 
2839 .0 65631. ,6 0. 1923156 03 t .  .465 0. 063 0 .539165E-06 82 t  4.00 
2626 .7 65593. 8 0. 1916206 03 1. ,465 0. 063 0 .539165E-06 B3 1 4.CO 
2636 .1 65763. 7 0. 1921176 03 ,465 G. 063 D .539U5Ê-06 84 1 4.CO 
2833 .1 65695. 9 0. 1919196 03 I.  ,465 c. 063 0 .53916SE-06 85 1 4.00 
2832 .2 65673. 3 0. 1918536 03 I,  .465 0. 063 0 .539U5E-06 86 l  4.00 
2821 .9 65436. ,0 0. 1911606 03 I.  ,465 c. 063 0 .5391656-06 87 1 4 .00 
2794 .1 63865. 9 0. 19202C6 03 10, .906 c. 477 G .4313326-05 88 2 2.00 
2764 .0 636 34. 6 0. 1913246 03 10. .906 c. 477 G .4313326-05 89 2 2.00 
2782 .1 63590. 7 0. 1911926 03 10. .906 c. 477 G .4313326-05 90 2 2.00 
2782 .1 63590. 7 Û. 1911926 03 10, ,906 0. 477 G .4313326-05 91 2 2.GO 
278C .2 63546. 6 0. 19106C6 03 10, .906 0. 477 G .4313326-05 92 2 2.00 
2779 .2 63524. R 0.  1909946 03 ic,  ,906 c. 477 C .4313326-05 93 2 2.00 
2805 .5 65055. 7 0. 1900786 03 39, , 357 1. 697 c .  1448936-04 107 3 1.33 
2796 .3 64842. 1 0. 1894546 03 39, ,357 1. 697 G .1446936-04 108 3 1.33 
2797 .3 64864. 8 0. 18952CE 03 39. .357 1. 697 0 .1448936-04 109 3 1.33 
2796 .3 64842. 1 u. 1894546 03 39. .357 1. 697 0 .1448936-04 110 3 1.33 
2797 .3 64864. 8 0. 1895206 03 39, .357 1. 697 G .1448936-04 111 3 1.33 
2797 .3 64864. 8 0. 18952CF 03 39, .357 1. 697 C .  144893E-04 112 3 1.33 
0 .0 G. 0 0. oococce CO 0, ,000 0. 000 G .OOCCOGE GO 0 0 0.00 
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APPENDIX D 
Figure 17. Mean values and standard deviations for enclosure 
set A test results 
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MEAN VALUES AND STANDARD DEVIATIONS FOR LOG BASE E 1 CONCENTR; 
S T .  DEV. Ave. * •  S O  AVG.ÏYÏ AVG. -  S C  ÛT/V H  5CFM 
0.000 0.000 0.000 0.000 0.000 1 16.00 
0.088 
-0.281 
-0.369 -0.457 1.000 1 16.00 
0.096 -0.890 
-0.906 -1.083 2.000 1 16.00 
0.096 
-1.595 -1.691 -1.787 3.000 1 16.00 
0.126 
-2.335 -2.461 -2.587 4.000 1 16.00 
0.181 -2.967 -3.140 -3.329 5.000 1 16.00 
0.191 -3.724 -3.915 -4.106 6.000 1 16.00 
0.277 -4.393 -4.670 -4.947 7.000 1 16.00 
0.330 -5.110 -5.466 -3.816 8.000 1 16.00 
0.000 0.000 0.000 0.000 0.000 2 2.83 
0.074 -0.452 -0.527 -0.601 1.415 2 2.83 
0.054 -1.264 
-1.318 -1.372 2.830 2 2.83 
0.078 -2.203 -2.282 -2.360 4.245 2 2.83 
0.142 -3.195 -3.338 -3.48C 5.660 2 2.83 
0.137 -4.234 -4.371 -4.508 7.075 2 2.83 
0.208 -5.044 
-5.252 -5.460 6.490 2 2.83 
e n c l o s u r e  
MEAN VALUES AND STANDARD DEVIATIONS FOR LOG BASE E CONCENTRATION 
ST. DEV. AVG. •  SO AVG.(Yl AVG. -  SO QT/V N SCFM 
0.000 0.000 O.OOC 0.000 0.000 1 16.00 
0.088 -0.281 -0.369 -0.457 1.000 1 16.00 
0.096 -0.890 -0.986 -1.083 2.000 1 16.00 
0.096 -1.595 -1.691 -1.787 3.000 1 16.00 
0.126 -2.335 -2.461 -2.587 4.000 1 16.00 
0.181 -2.967 -3.148 -3.329 5.000 1 16.00 
0.191 -3.724 -3.915 -4.106 6.000 1 16.00 
0.277 -4.393 -4.670 -4.947 7.000 1 16.00 
0.350 -5.118 -5.468 -5.818 8.000 1 16.00 
0.000 0.000 0.000 0.000 0.000 3 1.03 
0.077 -0.365 -0.442 -0.519 1.738 3 1.03 
0.152 -1.397 -1.548 -1.700 3.477 3 1.03 
0.109 '2.997 -3.106 -3.214 5.215 3 1.03 
0.257 -5.047 -5.304 -5.361 6.954 3 1.03 
e n c l o s u r e  s e t  a  
m l  v s .  m  3  
Figure 18. Mean values and standard deviations for enclosure 
set B test results 
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MEAN VALUES AND STANDARD DEVIATIONS FOR LOG BASE E CONCENTRATION RATIO VALUES, AND ASSOCIATED PARAMETERS 
st. dkv. avg. + so avg.(y) avg. - so qt/v n  scfm 
o.oûo 0.000 o.ooc 0.000 0.000 1  8.00 
0.098 -0.117 -0.215 -0.313 0.500 1 8.00 
0.130 -0.329 -0.458 -0.588 1.000 8.00 
0.1c9 -0,579 -0.686 -0,797 1,500 1 8.00 
0.194 -0.863 -1.057 -1.251 2.000 1 8.00 
0.175 -1.169 -1.344 -1.519 2.500 1 8.00 
0.128 -1.550 -1.678 -1.805 3.000 1 8.00 
0.172 -1.889 -2.061 -2.232 3.500 1 8.00 
0.148 -2.312 -2.460 -2.609 4.000 i 8.00 
0.220 -2.538 -2.758 -2.978 4.500 1 8.00 
0.243 -2.952 -3.195 -3.438 5.000 1 8.00 
0.363 -3.229 -3.592 -3.955 5.500 1 8.00 
0.267 -3.874 -4.141 -4.406 6.000 1 8.00 
0.5b4 -4.241 -4.794 -5.348 6.500 1 8.00 
0.466 -4.658 -5.124 -5.590 7.000 1 8.00 
o.oco 0.000 o.ooc 0.000 0.000 
0.079 -0.255 -0.334 -0.413 0.705 2 
0.118 -0.548 —0.666 -0.7b4 1.410 
0.118 -1.020 -1.137 -1.255 2.115 2 
0.141 -1.452 -1.593 -1.733 2.820 2 
0.171 -1.937 -2.108 -2.278 3.525 2 
0.155 -2.490 -2.645 -2.800 4.230 2 
0.212 -2.948 -3.159 -3.371 4.935 2 
0.288 -3.315 -3.6c2 -3.890 5.640 
0.3cs -3.947 -4.252 -4.558 6.345 2 
0.367 -4.594 -4.961 5.328 7.050 2 
0.380 -5.100 -5.480 -5.860 7.755 2 
e n c l o s u r e  s e t  b  
m l  v s .  h  2  
MEAN VALUES AND STANDARD DEVIATIONS FOR LOG BASE E CONCENTRATION RATIO VALUES, AND ASSOCIATED PARAMETERS 
st. dev. avg. • so avg.u) avg. - so qt/v n scfm 
0.000 0.000 0.000 0.000 0.000 1 8.00 
0.098 -0.117 -0.215 -0.313 0.500 1 8.00 
0.130 -0.329 -0.458 -0.588 1.000 1 6.00 
0.109 -0.579 -0.688 -0.797 1.500 1 8.00 
0.194 -0.863 -1.057 -1.251 2.000 1 6.00 
0.175 -1.169 -1.344 -1.519 2.500 1 6.00 
0.128 -1.550 -1.678 -1.805 3.000 1 6.00 
0.172 -1.889 -2.061 -2.232 3.500 1 6.00 
0.148 -2.312 -2.460 -2.609 4.000 i 6.00 
0.220 2.538 -2.758 -2.978 4.500 1 6.00 
0.243 -2.952 -3.195 -3.436 5.000 1 6.00 
0.363 -3.229 -3.592 -3.955 9.500 i 6.00 
0.267 -3.874 -4.141 -4.408 6.000 1 6.00 
0.554 -4^241 -4.794 -5.346 6.900 1 6.00 
0.466 - 4.658 -5.124 -5.590 7.000 1 6.00 
0.000 0.000 0.000 0.000 0.000 3 0.51 
0.054 -0.165 -0.218 -0.272 0.661 3 0.51 
0.107 -0.482 -0.569 -0.696 1.722 3 0.51 
0.146 -0.980 -1.126 -1.272 2 582 3 0.51 
0.123 -1.704 -1.827 —1.950 3.443 3 0.51 
0.144 -2.278 -2.423 -2.567 4.304 3 0.51 
0.055 3.343 -3.397 -3.452 5.16? 3 0.51 
0.281 -4.213 -4.494 -4.775 6.025 3 0.51 
e n c l o s u r e  s e t  b  
ml vs. m 3 
Figure 19. Mean values and standard deviations for enclosure 
set C test results 
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mean values and standard deviations for log base e concentration 
st. dev. avg. * so avg.tv) avg. - sc qt/v n scfh 
c.cco 0.000 o.occ G.OOC 0.000 8.00 
0.098 -0.117 
-0.216 
-0.313 0.500 8.00 
0.130 -0.329 -0.458 
-0.588 1.000 8.00 
0.1U9 -0.579 
-0.688 
-0.797 1.500 6.00 
C.1S4 -0.863 
-1.057 
-1.251 2.000 8.00 
0.17b -1.169 
-1.344 
-1.519 2.500 8.00 
0.126 -1.550 
-1.678 
-1.805 3.000 8.00 
0.172 -1.889 
-2.061 -2.232 3.500 6.00 
0.148 -2.312 -2.460 
-2.609 4.000 6.00 
0.220 -2.538 -2.758 -2.978 4.500 6.00 
0.243 -2.952 -3.195 -3.438 5.000 8.00 
0.363 -3.229 -3.592 -3.955 5.500 8.00 
0.267 -3.674 -4.141 -4.408 6.000 6.00 
0.554 -4.241 -4.794 
-5.348 6.500 1 8.00 
0.466 -4.656 -5.124 -5.590 7.000 1 8.00 
o.oco 0.000 O.OCC O.OOC 0.000 2 4.00 
0 .061 -0.231 -0.292 -0.353 1.000 2 4.00 
0.116 -0.811 -0.926 -1.042 2.000 2 4.00 
0.167 -1.316 -1.484 -1.651 3.000 2 4.00 
0.170 -2.057 -2.227 -2.398 4.000 2 4.00 
0.276 -2.943 -3.220 -3.496 5.000 2 4.00 
0.565 -4.410 -4.995 -5.58C .6.000 2 4.00 
E N C L O S U R E  S E T  C  
M l  V S .  M  2  
MEAN VALUES AND STANDARD DEVIATIONS FOR LOG BASE E CONCENTRATION 
ST. DEV. AVG. •  SO &VG.(Yl AVG. -  SO QT/V M SCFM 
0.000 0.000 O.OOC 0.000 0.000 8.00 
0.096 -0.117 -0.215 -0.313 0.500 8.00 
O.liO -0.329 -0.458 -0.588 1.000 6.00 
0.109 -0.579 -0.688 -0.797 1.500 6.00 
0.194 -0.863 -1.057 -1.251 2,000 8.00 
0.175 -1.169 -1.344 -1.519 2.500 8.00 
0.128 -1.550 -1.67f -1.805 3.000 8.00 
0,172 -1.689 -2.061 -2.232 3.500 8.00 
0.148 -2.312 -2 .460 -2.609 4.000 8.00 
0.220 -2.536 -2.758 -2.970 4.500 8.00 
0.243 -2.952 -3.195 -3.438 5.000 6.00 
0.363 -3.229 -3.592 -3.955 5.500 6.00 
0.267 -3.674 -4.141 -4.408 6.000 8.00 
0.554 -4.241 -4.794 -5.348 6.900 8.00 
0.466 -4.656 -5.124 -5.590 7.000 6.00 
0.000 0.000 O.OOC 0.000 0.000 2.67 
0.098 -0.768 -0.667 -0.965 2.253 2.67 
0.132 -2.315 -2.447 -2.579 4.506 3 2.67 
0.170 -4.828 -4.998 -5.166 6.759 3 2.67 
E N C L O S U R E  S E T  C  
M l  V S .  M  3  
Figure 20. Mean values and standard deviations for enclosure 
set D test results 
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MEAN VALUES AND STANDARD DEVIATIONS FOR LOG BASE E CONCENTR 
ST, DEV. AVG. •  SC AVG.(Y» AVG. -  SC CT/V N SCFM 
0.000 0.000 O.OOC 0.000 0.000 4.00 
0.067 -0.025 -0.092 -0.159 0.250 4.00 
0.090 -0.145 -0.234 -0,324 0.500 4.00 
C.QU5 
-0.276 -0.361 -0.447 0.750 4,00 
C.C95 -0.397 -0.493 -0.588 1.000 4.00 
0.092 -0.460 -0.572 -0.664 1.250 4.00 
0.113 -0.655 -0.766 -0.882 1,500 4,00 
0.108 -0.760 -0.866 -0,976 1,750 4.00 
O.ltO -0.798 -0.959 -1,119 2,000 4.00 
0.139 -1.057 -1,197 -1,336 2,250 4.00 
0.125 -1.102 -1.226 -1.353 2,500 4.00 
0.153 -1.405 -1.556 -1.711 2,750 4.00 
0.212 -1.434 -1.646 -1.856 3,000 4.00 
0.216 -1.576 -1.792 -2.006 3,250 4.00 
C.227 -1.766 -1.993 -2.219 3,500 4.00 
0.238 -1.998 -2.235 -2.473 3,750 4.00 
0.161 -2.216 -2.396 -2.579 4,000 4.00 
C.3C7 -2.344 -2.65C -2,957 4,250 4.00 
0.132 -2.617 -2.749 -2.881 4,500 4.00 
C.342 -2.921 -3.264 -3.606 4,750 4.00 
0.336 -3.272 -3.606 -3.944 5,000 4.00 
0.430 -3.549 -3.979 -4.409 5,250 4.00 
0.466 -3.949 -4.415 -4.881 5,500 4.00 
0.5'9"a -4.284 -4.882 -5.480 5,750 4,00 
0,512 -4.868 -5.400 -5.911 6,000 4.00 
0.000 0.000 0.000 0.000 0.000 2.00 
0.047 -0.309 -0.355 -0.402 I.000 2.00 
0,093 -0.845 -0.938 -1.03C 2,000 2.00 
0,098 -1.510 -1.609 -1,707 3,000 2 2.00 
0.055 -2.219 -2.274 -2.329 4,000 2 2.00 
0.263 -3.018 -3.300 -3.583 5,000 2 2.00 
0.511 -4.032 -4.543 -5.054 6,000 2 2.00 
0.603 -5.185 -5.708 -6.391 7,000 2 2.00 
e n c l o s u r e  s e t  d  
m l  v s .  m  2  
MEAN VALUES AND STANOARC DEVIATIONS FOR LOG BASE E CONCENTRATION RATIO VALUES, AND ASSOCIATED PARAMETERS 
ST. 0£V, AVG, •  SO AVG.(Y) AVG, -  SO OT/V H SCFM 
O.OCO 0.000 O.OCO 0,000 0,000 1 4,00 
0.067 -0,025 -0.092 -0,159 0.250 1 4,00 
0.090 -0,145 -0,234 -0,324 0.500 1 4,00 
0.085 -0,276 -0,361 -0,447 0.750 1 4.00 
0.095 -0,397 -0,493 -0,566 1.000 1 4,00 
0.092 -0,480 -0.572 -0,664 1.250 1 4,00 
0.113 -0,655 -0,768 -0,882 1.500 1 4,00 
0.108 -0.760 -0.868 -0.976 1.750 I 4.00 
0,160 -0,798 -0.959 -1,119 2.000 1 4,00 
0.139 -1,057 -1.197 -1,336 2.250 1 4,00 
0,125 -1,102 -1.228 -1.353 2.500 1 4.00 
0.1i>3 -1,405 -1,558 -1.711 2.750 1 4.00 
0,212 -1,434 -1,646 -1.858 3.000 1 4,00 
0,216 -1,576 -1,792 -2,000 3.250 1 4,00 
0,227 -1,766 -1,993 -2,219 3.500 1 4,00 
0.238 -1,998 -2.235 -2.473 3.750 1 4,00 
0,181 -2.216 -2.398 -2.579 4.000 1 4,00 
0,307 -2,344 -2,650 -2.957 4.250 1 4,00 
0,132 -2,617 -2,749 -2,861 4.500 1 4,00 
0,342 -2,921 -3,264 -3.606 4.750 1 4.00 
0,336 -3,272 -3,608 -3.944 5.000 1 4.00 
0.430 -3.549 -3,979 -4.409 5.250 1 4,00 
0,466 -3,949 -4,415 -4.881 5.500 1 4,00 
0,590 -4.284 -4,882 -5.480 5.750 1 4.00 
0,512 -4.888 -5,400 -5.911 6.000 1 4.00 
0.000 0.000 O.OOC 0.000 0.000 3 1.33 
0,115 -0.877 -0,992 -1.107 2.245 3 1.33 
0,167 -2.540 -2,707 -2.874 4.489 3 1.33 
0,249 -4.962 -5,231 -5,481 6,734 3 1,33 
e n c l o s u r e  s e t  d  
h i  v s .  m  3  
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Table 23. List of symbols used in theoretical fluid system 
analysis 
Symbol Description Dimensions 
=i 
V 
^ik 
E, 
Molar concentration of mixture mole/L^ 
Molar concentration of species i mole/L^ 
Molar concentration of species s mole/L^ 
Specific heat at constant volume FL/M0 
Natural, or Naperian, logarithmic 
base 
Net rate of transfer of internal FL/T 
and kinetic energy by convection 
Time rate of change of internal FL/T 
and kinetic energy for volume 
element dxdydz 
External (pressure) forces on a F 
volume element 
Gravitational constant L/T^ 
Volumetric gas generation rate L^/T 
Subscript denoting a mixture 
component of interest 
Net rate of momentum transfer FT/T 
Molecular weight of species M/mole 
indicated 
Number-mean molecular weight of M/mole 
mixture 
Net rates of transfer for the x ,  FT/T 
Y, and 2-components of momentum 
Moles of species i 
Moles of mixture 
Gi 
M 
"i 
n 
m 
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Table 23. (continued) 
Symbol Description Dimensions 
Q 
R 
R 
m 
ri,r2,r^,rg 
t 
T 
U 
V 
V 
V 
^i 
Yi 
Vi'Vs 
m 
Subscript denoting a value at a 
selected initial time 
Total pressure of mixture; 
absolute pressure 
Volumetric flow rate 
Gas constant 
Rate of molar production for a 
mixture 
Rates of production of mass of 
species indicated 
Subscript for any species, s, in 
a multicomponent mixture 
Time 
Absolute temperature 
Internal energy per unit mass 
Volume 
Specific volume 
Magnitude of local fluid velocity 
Partial volume of species i 
Velocity vector of species i 
Velocity component of species 
indicated 
Total volume of mixture 
Velocity components in rectangular 
coordinates 
P/L2 
lVT 
ML^/T^e mole 
mole/L^T 
M/L^T 
T 
e 
FL/M 
l3 
lVM 
L/T 
l3 
L/T 
L/T 
l3 
L/T 
w Specific weight F/L3 
Table 23. (continued) 
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Symbol Description Dimensions 
W Rate of doing work against static FL/T 
P pressure 
X Length; coordinate direction L 
subscript 
Mole fraction for species i mole/mole 
Volume fraction for species i L^/L 3 
Length; coordinate direction L 
subscript 
Length; coordinate direction L 
subscript 
8,8g Absolute temperature 8 
p Fluid density of a mixture M/L^ 
p ,p.,p Mass concentration of species M/L^ 
^ ^ ® indicated 
9 Del, or nabla, the vector L~^ 
operator 
* Superscript denoting a constant 
value 
